Introduction {#s01}
============

Epithelial cells form tightly packed sheets of uniformly polarized cells, with an apical membrane contacting the environment, lateral membranes held together by specialized cell--cell junctions, and basal membranes anchored to other cells or the extracellular matrix ([@bib88]). The establishment of apicobasal polarity in epithelial cells is regulated by three highly conserved protein complexes: PAR, Crumbs, and Scribble ([@bib7]). These polarity complexes contain proteins that act as scaffolds to recruit other binding partners, including the Rho GTPases, to build spatially distinct signaling complexes. Rho GTPases act as molecular switches that cycle between an inactive GDP-bound and an active GTP-bound form. Activation of Rho proteins is mediated by Rho guanine nucleotide exchange factors (GEFs), whereas the Rho GTPase activating proteins (GAPs) mediate their inactivation ([@bib90]; [@bib102]). Rho GTPases have been implicated in most steps of the establishment and maintenance of cell polarity, as well as in junction formation. Importantly, there is an extensive interdependence between the Rho GTPases and members of the polarity complexes during cell polarization ([@bib41]; [@bib61]). However, the mechanisms regulating this interdependence are poorly understood.

The Scribble complex is highly conserved from *Caenorhabditis elegans* to mammals, and has been primarily associated with the regulation of apicobasal polarity, but also plays a role in cell proliferation, cell migration, and planar-cell polarity and as a tumor suppressor ([@bib22]). Originally identified in *Drosophila melanogaster*, the Scribble complex comprises three proteins: Scribble, Discs large (Dlg), and lethal giant larvae (Lgl; [@bib29]; [@bib64]; [@bib117]; [@bib6]). Mutations in each of these proteins result in loss of apico-basal polarity and uncontrolled proliferation, suggesting that Scribble, Dlg, and Lgl function in a common pathway ([@bib6]). Surprisingly, little evidence is available regarding the molecular mechanisms that control the function of the Scribble complex. Most information to date originates from genetic studies in flies, or loss of function experiments in mammals ([@bib22]). In mammalian cells, the Scribble complex has also been shown to play a role in adhesion and polarity, although the loss of function phenotypes described tend to be less pronounced than in *Drosophila* ([@bib9]). Both Scribble and Dlg1 play a role in stabilizing E-cadherin at cell junctions ([@bib55]; [@bib81]; [@bib59]), and silencing the expression of either Scribble or Dlg1 delays the formation of junctions and impairs the formation of single lumen, polarized 3D cysts ([@bib55]; [@bib81]; [@bib59]; [@bib5]; [@bib119]; [@bib35]).

The members of the Scribble complex are known to work as a functional module, where the function of each protein in the complex depends on the function of the others. However, very little is known about how the proteins in the Scribble complex---Scribble, Dlg, and Lgl---interact with each other, either physically or functionally, or which downstream signaling pathways are regulated by the Scribble complex.

Here, we show that Src homology 3 domain (SH3)--containing GEF (SGEF), a RhoG-specific GEF, interacts simultaneously with Scribble and Dlg1 and functions as a bridge that mediates the formation of a ternary complex. We use two complementary model systems, mammalian MCDK cells and *Xenopus laevis* embryos, to characterize the role of the Scribble/SGEF/Dlg1 ternary complex in the assembly and maintenance of cell--cell junctions, the regulation of apical contractility, and the establishment of apicobasal polarity both in 2D and 3D. Our results define two distinct roles for SGEF, a nucleotide exchange--dependent function, which regulates the assembly and maintenance of adherens junctions (AJs), and a scaffolding function that acts independent of catalytic activity, which regulates barrier function and apical contractility.

Results {#s02}
=======

SGEF interacts with Scribble through an internal PSD95, Dlg1, and ZO-1 family domain (PDZ)--binding motif (PBM) {#s03}
---------------------------------------------------------------------------------------------------------------

We performed a yeast two-hybrid screen to identify proteins that interact with SGEF and identified Scribble as a potential binding partner for SGEF (Fig. S1 A). We then confirmed the interaction by coimmunoprecipitation and Western blot (WB) analysis in HEK293 cells expressing myc-SGEF WT and GFP-Scribble WT ([Fig. 1, A and B](#fig1){ref-type="fig"}). Since SGEF encodes a C-terminal PBM ([@bib26]; [Fig. 1 A](#fig1){ref-type="fig"}), we hypothesized that the PBM in SGEF was interacting with one of the four PDZ domains encoded in Scribble ([Fig. 1 A](#fig1){ref-type="fig"}). Our results confirmed that the interaction was mediated by the PDZ domains in Scribble, as deletion of the four PDZ domains (ΔPDZ) abolished the interaction ([Fig. 1 C](#fig1){ref-type="fig"}). In contrast, a Scribble mutant in which the N-terminal leucine-rich repeats region is not functional (P305L; [@bib56]) interacted efficiently with SGEF ([Fig. 1 C](#fig1){ref-type="fig"}). To map which of Scribble's PDZ domains mediated the interaction with SGEF, we tested the interaction between myc-SGEF and a series of Scribble constructs comprising either the four WT PDZ domains (4PDZ) or mutants in which each of the individual PDZ domains was inactivated by a mutation in its carboxylate binding loop (M1--M4; [@bib80]). Our results showed that inactivation of PDZ1 in Scribble, but not the other PDZ domains, completely abolished the interaction with SGEF, suggesting the interaction is mainly mediated by PDZ1 ([Fig. 1 D](#fig1){ref-type="fig"}).

![**SGEF interacts with Scribble PDZ domain through a novel PBM. (A)** Schematic representation of SGEF and Scribble constructs used in this figure. LRR, leucine-rich repeat. **(B--G)** Lysates from HEK293FT cells expressing the indicated constructs were immunoprecipitated (IP) using GFP antibodies (GFP-trap nanobodies). In all experiments, the precipitates were immunoblotted with anti-GFP antibodies to detect the immunoprecipitated protein and with anti-myc or anti-His to detect the potential interacting partner. **(H)** Sequence alignment comprising the Scribble binding domain of SGEF in vertebrates (aa 32--55 in human). **(I)** The indicated boxed regions within the Scribble binding domain in SGEF were mutagenized to Ala in full-length SGEF. Lysates from HEK293FT cells expressing the myc-tagged WT-SGEF or the indicated Ala mutants and GFP-Scribble were immunoprecipitated using GFP antibodies (GFP-trap nanobodies). The precipitates were immunoblotted with anti-GFP antibodies to detect the immunoprecipitated protein and with anti-myc to detect my-tagged SGEF mutants. Green boxes show the sequence that when mutated still maintain an interaction with Scribble whereas the red boxes denote sequence that when mutated lead to loss of interaction with Scribble. **(J)** Crystal structure of the Scribble PDZ1 domain in complex with an SGEF iPBM peptide. The crystal structure of the apo Scribble PDZ1 domain is shown in gray, while the complex with the SGEF~peptide~ (KSPNGLLITDFP) is shown in red (left panel). The right panel is a surface representation of the PDZ1/SGEF-PDZ~peptide~ complex.](JCB_201811114_Fig1){#fig1}

Surprisingly, the deletion of the PBM in SGEF (ΔETNV) had no effect on the ability of SGEF to bind to Scribble ([Fig. 1 E](#fig1){ref-type="fig"}). These results showed that SGEF's PBM was dispensable for its interaction with Scribble's PDZ domains and suggested that the interaction was mediated by an internal PBM (iPBM) in SGEF. To map the Scribble binding site in SGEF, we generated a series of deletion mutants in SGEF and analyzed their ability to interact with Scribble using coimmunoprecipitation. Our results showed that a construct comprising aa 228--871 of SGEF, which includes the PBM, was unable to bind, whereas a construct comprising the first 227 aa (SGEF 1--227) was sufficient to interact with Scribble ([Fig. 1 F](#fig1){ref-type="fig"}). Further deletion analysis narrowed down the Scribble-binding domain in SGEF to a region comprising aa 25--50 ([Fig. 1 G](#fig1){ref-type="fig"}). Alanine scanning mutagenesis of selected amino acids within this region led to defining the minimal region required for binding to residues S39--E54, a region that is highly conserved in vertebrates ([Fig. 1, H and I](#fig1){ref-type="fig"}). When amino acids LITD or FPVE were substituted by alanine, the interaction between SGEF and Scribble was completely abolished ([Fig. 1 I](#fig1){ref-type="fig"}), suggesting that this region is part of the binding motif. Mutation of SYQS, located upstream of LITD, had minimal effect, whereas mutating RSKP residues further upstream had no effect on binding. Interestingly, substitution of VED, which overlaps partially with FPVE, restored binding, although not completely ([Fig. 1 I](#fig1){ref-type="fig"}). In addition, a single amino acid substitution in Thr 49 (T49A) within the LITD motif was sufficient to completely abolish the interaction (Fig. S1 B). Replacing the upstream Gly 45 residue for Pro also abolished the interaction (Fig. S1 B). Taken together, our results show that the sequence comprising residues LITDFP within the N terminus of SGEF is essential for binding Scribble, and some of the residues located immediately upstream and downstream may also contribute to the interaction.

The structure of Scribble PDZ1/SGEF-PDZ~peptide~ complex {#s04}
--------------------------------------------------------

To obtain insight into the atomic details of the Scribble PDZ1/SGEF interaction, we sought to determine the x-ray crystal structure of the complex between Scribble PDZ1 and a peptide encoding the SGEF amino acids KPNGLLITDFP ([Fig. 1 I](#fig1){ref-type="fig"}). We obtained high-quality protein samples that yielded crystals. Crystals of the apo PDZ1 domain diffracted to a resolution of 1.6 Å, and we determined the structure using routine methods. The Scribble PDZ1 in complex with SGEF-PDZ~peptide~ also yielded crystals. Crystals of the Scribble PDZ1 domain in complex with the SGEF-PDZ~peptide~ peptide diffracted to a resolution of 1.1 Å. Using molecular replacement and the apo PDZ1 structure as search model, we solved the structure of the complex. Table S3 summarizes the crystallographic data and refinement statistics. A comparison of the structures for the apo Scribble PDZ1 domain and the PDZ1/SGEF-PDZ~peptide~ complex is shown in [Fig. 1 J](#fig1){ref-type="fig"}. The electron density of the SGEF peptide shows the high quality of the data and the ability to unambiguously trace the conformation of the peptide. This structure revealed several unique features of the Scribble PDZ1/SGEF interaction where SGEF's PBM is located internally, compared with typical PDZ interactions with C-terminal PBM. First, 11 residues of SGEF-PDZ~peptide~ make interactions with the Scribble PDZ domain covering ∼500 Å^2^ of accessible surface area. For context, analyses of several typical PDZ/C-terminal complexes with ligands of five to six residues encompass ∼350 Å^2^ of accessible surface area ([@bib58]; [@bib86]; [@bib83]; [@bib57]). Second, the structure revealed the register of the peptide with respect to the PDZ domain, such that the P~0~ Phe and P~−2~ Thr in SGEF occupy the canonical S~0~ and S~−1~ pockets in Scribble PDZ1. Importantly, the structure revealed several novel interactions through pockets near the α1 helix in Scribble PDZ1 (S~+1~ pocket), which accommodate the P~+1~ Pro in SGEF ([Fig. 1 J](#fig1){ref-type="fig"}). These features are distinct from the two published PDZ/internal ligand structures ([@bib39]; [@bib79]).

SGEF's N-terminal region interacts with the guanylate kinase (GUK) domain of Dlg1 {#s05}
---------------------------------------------------------------------------------

Our previous work has shown that SGEF also interacts with Dlg1, which is a member of the canonical Scribble polarity complex ([@bib53]). The interaction between SGEF and Dlg1 was reported to involve SGEF's PBM binding to PDZ domains 1 and 2 of Dlg1, and an additional interaction between the SH3 domains of both SGEF and Dlg1 ([@bib53]). The fact that SGEF's binding site for Scribble does not overlap with the binding site for Dlg1 raises the possibility that SGEF interacts simultaneously with both Scribble and Dlg1. To confirm the interaction between SGEF and Dlg1 and map the Dlg1 binding site in SGEF, we took advantage of tools and approaches similar to those used in [Fig. 1](#fig1){ref-type="fig"}. As expected, both SGEF WT and SGEF 228--871, which contains the DH-PH domains, the SH3 domain, and the PBM, were able to bind efficiently to Dlg1 ([Fig. 2, A and B](#fig2){ref-type="fig"}). SGEF 1--227, which binds to Scribble, did not interact with Dlg1 ([Fig. 2 B](#fig2){ref-type="fig"}). To explore the SGEF/Dlg1 interaction in more detail, we deleted either the PBM (SGEF ΔETNV) or both the PBM and the SH3 domain (SGEF ΔSH3) in SGEF and tested their ability to bind Dlg1. We expected that upon deletion of these two domains, the interaction between SGEF and Dlg1 would be abolished. Surprisingly, both mutants still interacted efficiently with Dlg1 ([Fig. 2 C](#fig2){ref-type="fig"}). Since this result was contrary to what had been previously published ([@bib53]), we conducted additional experiments to confirm or disprove these findings. We first designed two truncation mutants of SGEF and tested them for Dlg1 binding, one encoding the N-terminal half that ends just before the start of the DH-PH domain (1--414) and the other encoding the C-terminal half, which includes the DH-PH domain, the SH3 domain, and the PBM (414--871) ([Fig. 2 A](#fig2){ref-type="fig"}). The N-terminal half of SGEF (1--414) interacted efficiently with Dlg1, whereas the C-terminal half (414--871) showed no binding ([Fig. 2 D](#fig2){ref-type="fig"}). Together, these results suggested that the binding site for Dlg1 lies between aa 227--414 in SGEF ([Fig. 2, B and D](#fig2){ref-type="fig"}). To further narrow down the binding site, we tested a series of SGEF deletion mutants covering the region between aa 300--400. Our results showed that SGEF 1--350 and 1--400 were able to bind to Dlg1, whereas SGEF 1--300 was not, suggesting that the region between aa 300--350 of SGEF was required for binding Dlg1 ([Fig. 2 D](#fig2){ref-type="fig"}, right panel). This region of SGEF exhibits no conserved structural domains but is highly conserved in vertebrates ([Fig. 2 G](#fig2){ref-type="fig"}). In addition, it does not encode any obvious PBM, suggesting that the SGEF-binding site in Dlg1 is not located within the PDZ domains of Dlg1.

![**SGEF's N terminus interacts with Dlg1 GUK domain. (A)** Schematic representation of SGEF and Dlg1 constructs used in this study. **(B--F)** Lysates from HEK293FT cells expressing the indicated constructs were immunoprecipitated using GFP antibodies (GFP-trap nanobodies). In all experiments, the precipitates were immunoblotted with anti-GFP antibodies to detect the immunoprecipitated protein and with anti-myc to detect the interacting partner. **(G)** Sequence alignment comprising the Dlg1 binding domain of SGEF in vertebrates (aa 301--350 for human).](JCB_201811114_Fig2){#fig2}

To map the SGEF-binding domain in Dlg1, we first tested the interaction between SGEF WT and two Dlg1 constructs, one encoding the N-terminal half including the three PDZ domains, and the other one the C-terminal half comprising the SH3 and GUK domains ([Fig. 2 A](#fig2){ref-type="fig"}). Interestingly, the Dlg1 N terminus showed no detectable binding to SGEF, confirming that the PDZ domains of Dlg1 were not involved in the interaction ([Fig. 2 E](#fig2){ref-type="fig"}). In contrast, the Dlg1 C-terminal construct was able to bind efficiently to SGEF ([Fig. 2 E](#fig2){ref-type="fig"}). We confirmed these results using a Dlg1 mutant construct in which the three PDZ domains were inactivated by mutations. Our results showed that inactivating the PDZ domains abolished a previously described interaction with the RhoA GEF Net1 ([@bib28]), but had no effect on the ability of Dlg1 to bind to SGEF (Fig. S1 C). We then used a series of truncation mutants to further define the SGEF-binding domain in Dlg1. Deleting the GUK domain in Dlg1 abolished the interaction with SGEF, and the GUK domain alone was able to interact with SGEF ([Fig. 2 F](#fig2){ref-type="fig"}). In contrast, the SH3 domain by itself showed no detectable binding ([Fig. 2 F](#fig2){ref-type="fig"}). Overall, our results demonstrate that the PDZ and SH3 domains in Dlg1 are not required to bind to SGEF as previously reported, but instead reveal that the GUK domain of Dlg1 interacts with a conserved 50-aa region at the N terminus of SGEF ([Fig. 2 G](#fig2){ref-type="fig"}).

SGEF forms a ternary complex with Scribble and Dlg1 {#s06}
---------------------------------------------------

Our data demonstrates that Scribble and Dlg1 interact with distinct regions in SGEF ([Fig. 1](#fig1){ref-type="fig"} and [Fig. 2](#fig2){ref-type="fig"}), suggesting that SGEF could bind simultaneously to Scribble and Dlg1, forming a ternary complex. To test this possibility, we coexpressed HA-Scribble and GFP-Dlg1 in HEK293 cells in the presence or absence of myc-SGEF. We then immunoprecipitated Dlg1 using anti-GFP antibodies and immunoblotted for the three proteins. We predicted that if SGEF forms a ternary complex with Scribble and Dlg1, Scribble would coprecipitate with Dlg1 only when SGEF is present. Indeed, Scribble did not coprecipitate with Dlg1 in the absence of SGEF; however, when the three proteins were coexpressed, Scribble coprecipitated efficiently with Dlg1, demonstrating that the three proteins form a ternary complex ([Fig. 3 A](#fig3){ref-type="fig"}). Using a similar coprecipitation approach, we then confirmed the existence of the endogenous Scribble/SGEF/Dlg1 ternary complex in human epithelial cells (Caco-2; [Fig. 3 B](#fig3){ref-type="fig"}) and in MDCK cells ([Fig. 3 C](#fig3){ref-type="fig"}). When the expression of SGEF is silenced in MDCK cells, Scribble fails to coprecipitate with Dlg1, confirming that SGEF is required for the formation of the endogenous ternary complex ([Fig. 3 C](#fig3){ref-type="fig"}). We also determined that the minimum SGEF mutant that can mediate the formation of the Scribble/SGEF/Dlg1 complex (SGEF 1--414) must contain both the Scribble and Dlg1 binding sites ([Fig. 3, D and E](#fig3){ref-type="fig"}), consistent with the data presented in [Fig. 1](#fig1){ref-type="fig"} and [Fig. 2](#fig2){ref-type="fig"}. Deletion of either the Scribble iPBM or the Dlg1 binding motif in SGEF abolished the formation of the complex ([Fig. 3, D and E](#fig3){ref-type="fig"}). Overall, our results demonstrate that the interaction between SGEF/Scribble and SGEF/Dlg1 can occur simultaneously, allowing for the formation of a ternary complex between Scribble, SGEF, and Dlg1 ([Fig. 3 F](#fig3){ref-type="fig"}).

![**SGEF forms a ternary complex with Scribble and Dlg1. (A)** Lysates from HEK293FT cells expressing GFP-Dlg1 and HA-Scribble in the presence or absence of myc-SGEF were immunoprecipitated using GFP antibodies (GFP-trap nanobodies). The precipitates were immunoblotted with anti-myc, anti-GFP, and anti-HA antibodies as indicated. **(B)** Endogenous Dlg1 was immunoprecipitated from Caco2 cell lysates and immunoblotted for Dlg1, SGEF, and Scribble. **(C)** Endogenous Dlg1 was immunoprecipitated from CTRL and SGEF KD MDCK cell lysates and immunoblotted for Dlg1, SGEF, and Scribble. **(D)** Lysates from HEK293FT cells expressing the indicated constructs were immunoprecipitated using GFP antibodies (GFP-trap nanobodies). The precipitates were immunoblotted with anti-GFP antibodies to detect the immunoprecipitated protein and with anti-myc and anti-HA to detect the interacting partners. **(E)** Summary of results from C. **(F)** Cartoon representation of the ternary complex between Scribble, SGEF, and Dlg1. DBM, Dlg binding motif; iPBM, internal PDZ-binding motif.](JCB_201811114_Fig3){#fig3}

SGEF localizes at cell--cell junctions in epithelial cells {#s07}
----------------------------------------------------------

To investigate the functional role of the Scribble/SGEF/Dlg1 ternary complex, we used two complementary model systems: (1) MDCK cells (MDCK II), which are the preferred mammalian model to study junction formation and polarity ([@bib88]), and (2) *Xenopus* embryos, which provide an ideal system to study cell--cell junctions and cell polarity in an intact epithelial environment during development ([@bib118]; [@bib8]; [@bib97]). The SGEF sequence is highly conserved in vertebrates, allowing us to use the information gained from biochemical and mammalian cell culture systems to guide experiments in *Xenopus* embryos.

To investigate the localization of SGEF, we expressed low levels of human mNeon-SGEF WT in MDCK cells and compared its localization to that of endogenous Scribble and Dlg1. Both Scribble and Dlg1 are distributed throughout the lateral membrane in epithelial cells, where they colocalize with AJ and tight junction (TJ) markers ([@bib20]; [@bib55]; [@bib69]; [@bib42]). As expected from our protein interaction studies ([Figs. 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"}), mNeon-SGEF WT colocalized with both Scribble and Dlg1 ([Fig. 4 A](#fig4){ref-type="fig"}). Indeed, mNeon-SGEF WT localized to the apical junctional complex (AJC; [@bib25]), colocalizing with markers for both TJs (ZO-1) and AJs (β-catenin; [Fig. 4 B](#fig4){ref-type="fig"}). Endogenous SGEF also targets to junctions in MDCK cells, where it colocalizes with Scribble (Fig. S2 A).

![**SGEF localizes at cell--cell junctions in epithelial cells. (A and B)** IF of MDCK cells showing colocalization of mNeon-SGEF WT with Scribble and Dlg1, ZO-1 (TJ marker), and β-catenin (AJ marker). The right panels are single Z-planes along the length of the dotted yellow line. a, apical, b, basal. Scale bar, 10 µm, and XZ, 3 µm. **(C)** Gastrula-stage *Xenopus* embryos expressing mNeon-SGEF WT (green), TagBFP-ZO-1 (TJ marker), and PLEKHA7-mCherry (AJ marker) were live-imaged using confocal microscopy. En face views (left) are brightest point projections across multiple Z-planes. Side views (right) are average intensity projections along the length of the highlighted junction (see Materials and methods). Scale bars, XY, 10 µm, and XZ, 1 µm. **(C′)** Intensity profiles of SGEF (green solid line) relative to AJs (red dotted line) and TJs (blue dotted line) along the z axis in *Xenopus* gastrula-stage epithelial cells. Note that SGEF's peak intensity is close to ZO-1's, but it tapers away more slowly than ZO-1 along the lateral membrane. The graph shows normalized averaged intensities fitted with a smoothed curve; error bars indicate SD; *n* = 47 junctions, 18 embryos, five experiments. **(D)** Gastrula-stage *Xenopus* embryos expressing mNeon-RhoG (green), BFP-ZO-1 (TJ marker, blue), and PLEKHA7-mCherry (AJ marker, red) were live imaged using confocal microscopy. Brightest point projections of en face views and averaged side views of the highlighted junction (as in C) are shown. Scale bars, XY, 10 µm, and XZ, 1 µm. **(D′)** Intensity profiles of RhoG (green solid line) relative to AJs (red dotted line) and TJs (blue dotted line). Note that the RhoG signal is more basolateral compared with SGEF. The graph shows normalized averaged intensities fitted with a smoothed curve; error bars indicate SD. *n* = 19 junctions, 10 embryos, three experiments. **(E)** Gastrula-stage *Xenopus* embryos expressing mRFP-ZO-1 (TJ marker, magenta) and mNeon-SGEF WT (top, green), SGEF 1--227 (middle, green), or SGEF 228--871 (bottom, green) were live-imaged using confocal microscopy. En face views are brightest point projections across multiple Z-planes. Side views (right) are single Z-planes at the locations marked by yellow dotted lines. Note that WT SGEF and SGEF 1--227 appear junctional, whereas SGEF 228--871 appears diffusely localized. Scale bars, 20 µm, and XZ, 5 µm. **(F)** Quantification of the ratio of junctional to cytosolic intensities of mNeon-tagged SGEF WT, SGEF 1--227, and SGEF 228--871 in *Xenopus* embryos. *n* = SGEF WT: 234 junctions, 12 embryos, six experiments; SGEF 1--227: 214, 11, 5; SGEF 228--871: 180, 9, 4. Error bars represent SEM. \*\*\*\*, P \< 0.00005 using the Mann--Whitney *U* test.](JCB_201811114_Fig4){#fig4}

In addition, mNeon-SGEF WT targeted very efficiently to the AJC in gastrula-stage (stage 10.5--12; [@bib72]) *Xenopus* embryos, where it colocalized with both TJ (BFP-ZO-1) and AJ (PLEKHA7-mCherry) markers ([Fig. 4 C](#fig4){ref-type="fig"}). Reconstructed XZ planes of these images demonstrated that SGEF signal is distributed along the lateral membrane, with the bulk of the signal concentrated at the apical region, overlapping slightly better with BFP-ZO-1 (TJ) than with mCherry-PLEKHA7 (AJ; [Fig. 4, C and C](#fig4){ref-type="fig"}′). SGEF's apical localization was better defined in *Xenopus* compared with MDCK cells, where mNeon-SGEF WT signal was distributed more evenly along the lateral membrane ([Fig. 4, A and B](#fig4){ref-type="fig"}).

Since SGEF is a GEF specific for the small GTPase RhoG, we expressed mNeon-RhoG to determine if it was also targeted to cell--cell junctions. We found that indeed, RhoG colocalized with TJ and AJ markers in both *Xenopus* embryos ([Fig. 4 D](#fig4){ref-type="fig"}) and MDCK cells (Fig. S2, B--E). However, compared with SGEF, which is strongly concentrated at apical junctions in *Xenopus* embryos ([Fig. 4 C](#fig4){ref-type="fig"}′), RhoG was more broadly localized along the lateral membrane ([Fig. 4 D](#fig4){ref-type="fig"}′).

To determine whether binding to Scribble and Dlg1 is important for targeting SGEF to the AJC, we compared the localization of mNeon-SGEF WT (SGEF WT) and two deletion mutants of SGEF---one that binds to Scribble but not to Dlg1 (SGEF 1--227) and another that binds to Dlg1 but not to Scribble (SGEF 228--871)---in *Xenopus* embryos. We found that both SGEF WT and SGEF 1--227 localized efficiently to the AJC, where they colocalized with ZO-1 ([Fig. 4, E and F](#fig4){ref-type="fig"}). In contrast, SGEF 228--871 was predominantly cytosolic, with only a small fraction still targeted to junctions ([Fig. 4, E and F](#fig4){ref-type="fig"}). Overall, our results suggested that binding to Scribble is the main determinant for SGEF to localize at the AJC.

SGEF knockdown (KD) down-regulates E-cadherin protein levels and affects AJ formation and architecture {#s08}
------------------------------------------------------------------------------------------------------

To assess the functional role of SGEF during junction formation, barrier formation, and the establishment of cell polarity, we generated stable MDCK cells expressing a previously published shRNA sequence targeting SGEF ([@bib82]). SGEF protein levels were significantly reduced in SGEF KD cells ([Fig. 5 A](#fig5){ref-type="fig"}). We first analyzed the morphology of AJs in CTRL (expressing a nontargeting shRNA) and SGEF KD cells by immunofluorescence (IF) microscopy. Surprisingly, we found that silencing SGEF expression led to an almost complete loss of E-cadherin from the AJs ([Fig. 5 C](#fig5){ref-type="fig"}). This loss of E-cadherin at junctions was due to a decrease in E-cadherin protein levels, and not to its redistribution to different cellular locations ([Fig. 5, B and C](#fig5){ref-type="fig"}). Note that E-cadherin decrease was not uniform at different regions of the monolayer in SGEF KD cells, probably reflecting differences in KD efficiency in a stable SGEF KD mixed population. We also generated single cell SGEF KD colonies that showed a much more homogeneous degree of E-cadherin reduction when stained by IF (Fig. S2 F). Reexpression of human mNeon-SGEF WT in SGEF KD MDCK cells (Rescue WT) restored both the proper expression level and localization of E-cadherin ([Fig. 5, B, C, and G](#fig5){ref-type="fig"}). Since the cytoplasmic tail of E-cadherin binds to β-catenin and p120-catenin, we also analyzed their expression levels and localization. Interestingly, the protein levels of β-catenin and p120-catenin were not affected in SGEF KD cells ([Fig. 5 B](#fig5){ref-type="fig"}), but their localization at cell--cell junctions was disorganized compared with the CTRL cells ([Fig. 5, C](#fig5){ref-type="fig"}′, D, and G). The localization of both β-catenin and p120-catenin to cell--cell junctions was restored to normal in Rescue WT cells ([Fig. 5, C](#fig5){ref-type="fig"}′, D, and G). The fact that some markers such as p120-catenin and β-catenin, although disorganized, were still present at cell junctions even in the absence of E-cadherin suggested that there might be other cadherins compensating for the loss of E-cadherin. Using a pan-cadherin antibody, which recognizes most type I and II cadherins, we found that the combined expression levels of cadherins were not obviously changed in SGEF KD cells ([Fig. 5 B](#fig5){ref-type="fig"}). This indicated that one or more of the classical cadherins were up-regulated in response to the loss of E-cadherin. A potential candidate is cadherin-6 (K-cadherin), which is expressed in MDCK cells and is up-regulated in confluent cells ([@bib99]). WB analysis showed that in SGEF KD cells, the loss of E-cadherin was accompanied by a subsequent increase in cadherin-6 levels, which were restored to normal levels when SGEF expression was rescued ([Fig. 5 B](#fig5){ref-type="fig"}).

![**SGEF regulates AJ properties of epithelial cells. (A)** Cell lysates from confluent CTRL and SGEF KD MDCK cells were analyzed by WB using anti-SGEF antibodies. Tubulin was used as a loading control. **(B)** Cell lysates from confluent CTRL, SGEF KD, and Rescue WT MDCK cells were probed with E-cadherin, Pan-cadherin, cadherin-6, β-catenin, p120-catenin, Scribble, and Dlg1 antibodies. Tubulin was used as a loading control. **(C, C′, and D--F)** IF showing the distribution of endogenous E-cadherin, p120-catenin, Scribble, Dlg1, β-catenin, and mNeon-SGEF (green) in CTRL, SGEF KD, and Rescue WT MDCK cells. The bottom panel in each set of images shows a zoomed image of the selected regions (dotted yellow line). Note that panels C and C′ show images from same field. Confocal images are maximum projections of apical Z-planes. Scale bars, top panels: 30 µm; bottom panels: 10 µm. **(G)** Linescan (6-µm line drawn perpendicular to center of junctions) of IF images in panels C to F. At least two fields from two independent experiments were used for quantification (≥200 junctions). The intensity profiles were manually centered around the highest peak for each condition. **(H)** XZ view of MDCK cells from CTRL, SGEF KD, and Rescue WT cells stained for E-cadherin (red), β-catenin (magenta), nucleus (blue) and mNeon-SGEF WT (green in merge panel). Scale bar, 10 µm. **(I)** Quantification of height in CTRL, SGEF KD, and Rescue MDCK cells. *n* = 50 cells for each condition from three independent experiments. Error bars represent min to max with all points. \*\*\*\*, P \< 0.00005; *ns*, nonsignificant using Student's *t* test (two-tailed, unpaired).](JCB_201811114_Fig5){#fig5}

To determine whether binding to SGEF plays a role in targeting the Scribble complex to junctions and/or regulating its stability, we also analyzed the effects of silencing SGEF on the expression levels and localization of Scribble and Dlg1. WB analysis showed that the expression levels of Scribble and Dlg1 were not affected in SGEF KD cells ([Fig. 5 B](#fig5){ref-type="fig"}). In contrast, immunostaining for endogenous Scribble and Dlg1 showed that in SGEF KD cells, the localization of Scribble was slightly more diffuse than in CTRL cells, whereas Dlg1 showed a more severe phenotype with a highly disorganized pattern at junctions ([Fig. 5, E--G](#fig5){ref-type="fig"}). Quantification shows that, even though both Scribble and Dlg1 showed a more diffuse pattern in SGEF KD cells, Dlg1 showed a larger decrease in the intensity peak at the junctions when compared with Scribble ([Fig. 5 G](#fig5){ref-type="fig"}). Rescue with mNeon-SGEF WT restored the normal localization of both Scribble and Dlg1 ([Fig. 5, E--G](#fig5){ref-type="fig"}). As shown in [Fig. 4, E and F](#fig4){ref-type="fig"}, Scribble is important for recruiting SGEF to junctions, so silencing SGEF is not expected to affect Scribble localization. Taken together, these results suggest that SGEF is important for targeting Dlg1. The small effect observed on Scribble localization may indicate a role for SGEF in targeting/stabilizing Scribble or might be an indirect consequence of the effects of SGEF KD on AJ structure ([Fig. 5, C and D](#fig5){ref-type="fig"}).

The absence of E-cadherin in SGEF KD cells may compromise the ability of cells to assemble the lateral membrane, which has lipids and proteins distinct from the apical and basal membranes and thus is compositionally and functionally distinct. The lateral membrane plays a key role in providing mechanical stability to epithelial cells ([@bib101]). To determine whether the loss of E-cadherin observed upon silencing SGEF was affecting the structure of the lateral membrane, we analyzed confocal XZ images from CTRL, SGEF KD, and Rescue WT cells stained for E-cadherin and β-catenin ([Fig. 5 H](#fig5){ref-type="fig"}). Interestingly, silencing SGEF had a striking effect on the height of the monolayer, which was significantly decreased. Quantification showed that CTRL cells averaged 5.94 ± 0.18 µm in height, whereas SGEF KD cells had an average height of 2.50 ± 0.02 µm. Rescue with mNeon-SGEF WT restored the cell height to normal levels with an average height of 5.61 ± 0.16 µm ([Fig. 5 I](#fig5){ref-type="fig"}). These results suggest that the loss of E-cadherin in SGEF KD cells may prevent the cells in the monolayer from establishing their normal cuboidal shape.

To determine whether SGEF KD also affects the establishment of junctions, we performed a calcium switch assay. In this assay, cell--cell junctions are disrupted when cells are grown in the absence of Ca^2+^, due to the loss of Ca^2+^-dependent cadherin-mediated adhesion. Subsequent restoration of physiological levels of Ca^2+^ results in the synchronous de novo assembly of cell--cell junctions ([@bib17]; [@bib32]). Our results revealed that 2 h after replenishing calcium to the medium, CTRL cells had already established visible AJs and TJs. In contrast, the formation of AJs and TJs in SGEF KD cells was significantly delayed (Fig. S3), taking ≥6 h to establish comparable AJs and TJs.

Taken together, our results suggest that SGEF regulates the formation and maintenance of cadherin-based AJ through the regulation of E-cadherin expression levels. In the absence of SGEF, the E-cadherin protein level is strongly reduced, AJ components are disorganized, and the lateral membrane collapses. Cadherin-6 up-regulation appears to compensate somewhat for the reduction in E-cadherin in SGEF KD cells and helps to maintain cell--cell adhesion and the integrity of the monolayer, although it might not be sufficient to functionally replace the loss of E-cadherin, as AJs remain disorganized.

SGEF KD changes TJ morphology and reduces barrier function {#s09}
----------------------------------------------------------

It has been previously shown that the assembly of AJs leads to the formation of TJs and that interfering with AJ formation affects the structure and function of TJs ([@bib33]; [@bib114]; [@bib108]). Since our results indicated that SGEF regulates the formation and maintenance of AJs, we then investigated whether SGEF was also required for TJ organization. We first examined the effect of silencing SGEF on the distribution of the TJ marker ZO-1. Our results revealed that SGEF depletion had a significant effect in the morphology of TJs. In MDCK cells, TJs typically adopt a characteristic curvilinear/zigzag pattern ([@bib98]), as shown for CTRL cells ([Fig. 6 A](#fig6){ref-type="fig"}). In SGEF KD cells, however, TJs adopted a much more linear configuration, with most TJs appearing as a straight line ([Fig. 6 A](#fig6){ref-type="fig"}). The degree of linearity displayed by TJs can be calculated using the zigzag index, which is defined as the ratio of the length of a freehand line traced along the shape of a TJ from cell vertex to vertex to that of a straight line drawn from cell vertex to vertex ([@bib105]). A zigzag index of 1 would indicate a straight line. The average zigzag index decreased from 1.24 in CTRL cells to 1.03 in SGEF KD cells. Reexpression of mNeon-SGEF WT in SGEF KD cells restored the normal curvilinear pattern of TJ, and the zigzag index increased significantly to 1.16 ([Fig. 6, A and B](#fig6){ref-type="fig"}). In addition to exhibiting straight TJs, SGEF KD cells displayed a more uniform apical area and isometric shape when compared with CTRL cells ([Fig. 6 A](#fig6){ref-type="fig"}). This was confirmed by measuring the apical area, which showed a small but significant increase in SGEF KD cells ([Fig. 6 C](#fig6){ref-type="fig"}). Furthermore, the apical area measurements for individual SGEF KD cells were distributed within a narrower range when compared with CTRL and Rescue WT cells, which indicates a more uniform size ([Fig. 6 C](#fig6){ref-type="fig"}). In addition, the axial ratio (major/minor axis aspect ratio) also decreased significantly when SGEF was silenced, indicating that SGEF KD cells exhibit a more isometric shape ([Fig. 6 D](#fig6){ref-type="fig"}), which could be rescued by reexpressing mNeon-SGEF WT ([Fig. 6 D](#fig6){ref-type="fig"}). We next determined whether the alterations observed in TJ architecture affected paracellular permeability by analyzing the transepithelial electrical resistance (TEER), which measures the charge-selective permeability of small solutes in confluent monolayers grown on semi-permeable filters ([@bib93]) and provides an indication of TJ barrier function ([@bib3]). We measured TEER in confluent CTRL, SGEF KD, and Rescue WT MDCK cells, and found that TEER was significantly reduced in SGEF KD cells compared with CTRL and Rescue WT cells ([Fig. 6 E](#fig6){ref-type="fig"}). Taken together, these results suggest that SGEF regulates the architecture of TJs, which affects both the size and shape of epithelial cells, as well as their barrier function.

![**SGEF KD regulates TJ architecture and permeability. (A)** Confocal images showing maximum projection of apical Z-planes in CTRL, SGEF KD, and Rescue WT MDCK cells stained for endogenous ZO-1 and mNeon-SGEF (green). The bottom panels show a zoomed image of the selected regions (dotted yellow line). Scale bars, top panel: 20 µm; bottom panels: 10 µm. **(B--D)** Quantification of zigzag index, apical cell area, and axial ratio in CTRL, SGEF KD, and Rescue WT cells. Two fields from two independent experiments were used for quantification. (*n* = at least 75 cells for zigzag index, *n* = 100 for area and *n* = 150 for axial ratio). Error bars represent min to max values. **(E)** TEER of CTRL, SGEF KD, and Rescue WT cells is plotted. Data represent the average of three experiments performed in duplicates. CTRL was normalized to 1, and data were plotted relative to CTRL. Error bars represent SEM. \*, P \< 0.05; \*\*, P \< 0.005; \*\*\*, P \< 0.0005; \*\*\*\*, P \< 0.00005; *ns*, nonsignificant using the Mann--Whitney *U* test (B--D) or Student's *t* test (two-tailed, unpaired; E).](JCB_201811114_Fig6){#fig6}

SGEF KD stimulates actomyosin contractility at cell--cell junctions {#s10}
-------------------------------------------------------------------

The straight TJ phenotype displayed by SGEF KD cells bears a striking resemblance to the phenotype induced by silencing ZO-1 and ZO-2 ([@bib24]; [@bib19]). Silencing ZO-1 and ZO-2 promotes the assembly of a highly organized actomyosin array at the AJC, which results in an increase in the tension at the junctions ([@bib24]; [@bib19]). We found that in SGEF KD cells, myosin IIB was also arranged periodically in apical arrays adjacent to the apical cell--cell junction ([Fig. 7 A](#fig7){ref-type="fig"}). In contrast, CTRL and Rescue WT cells showed a more diffuse myosin IIB pattern that was only weakly associated with junctions ([Fig. 7 A](#fig7){ref-type="fig"}). To further characterize the actomyosin arrangement at junctions, we stained the cells for F-actin and myosin IIB and imaged them using HyVolution super-resolution technology. In CTRL cells, very little myosin IIB can be found colocalizing with actin at bicellular junctions (BCJ), but at tricellular junctions (TCJ) the signal is more concentrated, as has been previously shown ([Fig. 7 B](#fig7){ref-type="fig"}, white arrowheads; [@bib24]). In contrast, SGEF KD cells show an enlarged actomyosin array with myosin IIB distributed periodically along both sides of the BCJ ([Fig. 7 B](#fig7){ref-type="fig"}, yellow arrowhead). In addition, silencing SGEF promoted a dramatic increase in the number and thickness of stress fibers at the basal side of the cell, something that was not observed in ZO-1/2 double KD cells ([@bib24]; [@bib19]). These stress fibers were also abundantly decorated with myosin IIB when compared with those in CTRL cells ([Fig. 7 B](#fig7){ref-type="fig"} and Fig. S4). Reexpression of mNeon-SGEF WT in SGEF KD cells restored the normal apical and basal actomyosin pattern ([Fig. 7 B](#fig7){ref-type="fig"}).

![**SGEF KD stimulates actomyosin contractility. (A)** Confocal images showing maximum projection of apical Z-sections in CTRL, SGEF KD, and Rescue WT MDCK cells stained for endogenous ZO-1 (green), myosin IIB (red), and mNeon-SGEF (magenta, in Rescue). mNeon signal is shown in magenta in Rescue panel to maintain color consistency. Scale bar, 5 µm. **(B)** Confocal images showing CTRL, SGEF KD, and Rescue WT MDCK cells stained for endogenous F-actin using phalloidin (green) and myosin IIB (red). Left panel: Maximum projection of apical Z-planes; right panel: maximum projection of basal Z-planes. Images were processed using the HyVolution deconvolution package (see Materials and methods). Scale bars, 0.5 µm. **(C)** Quantification of intensities of ZO-1 at junctions measured using a rectangle of 2 × 3 µm placed along BCJs. At least two fields from two independent experiments were used for quantification (≥100 junctions). Error bars represent SEM. \*\*\*\*, P \< 0.00005; *ns*, nonsignificant using the Mann--Whitney *U* test. **(D)** Total cell lysates from confluent CTRL, SGEF KD, and Rescue WT MDCK cells were immunoblotted with ZO-1, myosin IIB, and afadin antibodies. Tubulin was used as a loading control. **(E)** Maximum projection of confocal images showing the localization of endogenous afadin in CTRL, SGEF KD, and Rescue WT cells. Scale bar, 5 µm. **(F)** Quantification of the ratio of TCJ over BCJ intensity of afadin was measured as described in Materials and methods. At least three fields from two independent experiments were used for quantification (≥200 junctions). Error bars represent SEM. \*\*\*\*, P \< 0.00005; *ns*, nonsignificant using the Mann--Whitney *U* test.](JCB_201811114_Fig7){#fig7}

We did not observe a significant difference in the protein expression levels of myosin IIB in SGEF KD cells, suggesting that the phenotype observed was mainly driven by increased myosin rearrangement ([Fig. 7 D](#fig7){ref-type="fig"}). Treatment with either the myosin inhibitor blebbistatin or the ROCK inhibitor Y-27632 disrupted the apical actomyosin array, as well as the basal stress fibers (Fig. S4, A and A′), although blebbistatin had a stronger effect than Y-27632. This could be due to the fact that cells were treated with the inhibitors for 16 h, which in some cases can elicit compensatory effects ([@bib19]). Nevertheless, this suggests that the increase in contractility observed in response to SGEF depletion is mediated by the ROCK/myosin II pathway.

The similarities between the SGEF KD and ZO-1/2 KD phenotypes suggest that SGEF and ZO-1 may be operating within the same pathway. Interestingly, analysis of ZO-1 fluorescence intensity at TJs showed that it decreased significantly when SGEF was silenced and was rescued by SGEF reexpression ([Fig. 7 C](#fig7){ref-type="fig"}). A similar result was obtained when we analyzed the levels of ZO-1 by WB ([Fig. 7 D](#fig7){ref-type="fig"}). These results place SGEF upstream of ZO-1, regulating its expression levels. We also analyzed the expression and localization of afadin, an adapter protein that interacts with cytoskeleton and junctional proteins ([@bib100]). In ZO 1/2 KD cells, afadin is recruited to AJs and is especially enriched at TCJ ([@bib19]). In SGEF KD cells, both the expression levels of afadin and its localization at AJs are reduced ([Fig. 7, D and E](#fig7){ref-type="fig"}). However, the reduction observed in afadin targeting to AJ is not uniformly distributed along AJ, as afadin signal intensity remained high at TCJ, but was dramatically reduced at BCJ ([Fig. 7 E](#fig7){ref-type="fig"}). Quantification of the ratio of intensity at the TCJ versus BCJ showed a significant increase when SGEF is KD, confirming the enrichment at the TCJ ([Fig. 7 F](#fig7){ref-type="fig"}). Both the expression and localization of afadin were rescued to normal levels upon reexpression of mNeon-SGEF WT ([Fig. 7, D--F](#fig7){ref-type="fig"}). These results suggest that silencing SGEF and ZO-1/2 elicits a similar but not identical response, redistributing afadin to TCJ in response to an increase in junctional actomyosin tension ([@bib19]). Taken together, our results suggest that SGEF might function in a similar pathway as ZO 1/2 and afadin, regulating AJC architecture and function by regulating actomyosin-mediated junctional tension.

SGEF overexpression promotes apical constriction in *Xenopus* embryos {#s11}
---------------------------------------------------------------------

SGEF localizes to apical junctions when expressed in gastrula-stage *Xenopus* embryos ([Fig. 4](#fig4){ref-type="fig"}). We noticed that when SGEF was expressed at low levels, there were no major differences in the general appearance of the cell--cell junctions. However, in cells expressing higher levels, the apical surface area was significantly smaller. To confirm this gain of function phenotype, we overexpressed 3xGFP-SGEF WT at a high level in *Xenopus* embryos and analyzed the effects on TJ using mRFP-ZO-1 as a marker. First, we found that SGEF overexpressing (OE) cells were frequently apically constricted (yellow arrows in [Fig. 8 A](#fig8){ref-type="fig"}). Live imaging analysis showed that 3xGFP-SGEF--expressing cells constrict over time, whereas CTRL cells remain quite stable over that time frame ([Fig. 8 B](#fig8){ref-type="fig"} and Videos 1 and 2). Live imaging analysis of mRFP-ZO-1 dynamics showed that in CTRL cells, ZO-1 appears quite stable over time, whereas in SGEF OE cells, ZO-1 was very dynamic at junctions ([Fig. 8, B and C](#fig8){ref-type="fig"}). Quantification confirmed that SGEF OE cells had smaller apical areas on average due to apical constriction when compared with CTRL cells ([Fig. 8 D](#fig8){ref-type="fig"}).

![**SGEF regulates apical constriction in epithelial cells. (A)** Gastrula-stage *Xenopus* embryos expressing mRFP-ZO-1 (TJ marker) with 3xGFP-SGEF overexpressed (OE) at high levels (bottom). Yellow arrows point to apically constricted cells. Scale bar, 20 µm. **(B)** Time lapse of CTRL and 3xGFP-SGEF overexpression of a single cell over a period of 24 min. Note that the SGEF OE cell constricts apically whereas CTRL cell retains the same apical area. Scale bars, 10 µm. **(C)** Time projection of ZO-1 signal over a 203-s interval shows that junctions in SGEF OE cells are more dynamic than in CTRLs. Scale bar, 20 µm. **(D)** Graph showing the average apical surface area of SGEF OE cells is significantly smaller than CTRL cells, and some SGEF OE cells exhibit severe apical constriction. CTRL, *n* = 132 cells, three embryos, two experiments; SGEF OE, *n* = 147 cells, three embryos, two experiments. **(E)** CTRL and SGEF OE gastrula-stage *Xenopus* embryos were fixed and stained with Alexa Fluor 568--phalloidin to reveal F-actin. Images in the top row were taken with lower laser power optimized for viewing cell--cell junctions, and images in the bottom row were taken with higher laser power optimized for viewing medial-apical actin. Scale bar, 10 µm. **(E′)** F-actin intensity at BCJ was quantified from fixed phalloidin stained embryos. *n* = control: 288 junctions, 11 embryos, three experiments; SGEF OE: 304 junctions, 13 embryos, two experiments. **(E′′)** Medial-apical F-actin intensity was quantified from fixed phalloidin stained embryos. *n* = control: 50 cells, seven embryos, three experiments; SGEF OE: 50 cells, eight embryos, three experiments. **(F)** CTRL and SGEF OE embryos expressing an F-actin probe (Lifeact-mRFP, magenta in merge) and a myosin II intrabody (SF9-mNeon, green in merge) were live imaged by confocal microscopy. The control image shown is from a control region of a mosaic SGEF OE embryo. Scale bar, 10 µm. **(G)** CTRL and SGEF OE embryos coexpressing mNeon-Vinculin, mCherry-α-catenin, and BFP-membrane. Scale bar, 10 µm. **(H)** Graph comparing junctional intensities of vinculin (normalized to membrane probe intensity) in CTRL and SGEF OE embryos. *n* = control: 63 junctions, eight embryos, three experiments; SGEF OE: control: 63 junctions, eight embryos, three experiments. Confocal images in A, B, and E--G are brightest point of apical sections. All graphs show mean ± SEM. \*\*\*\*, P \< 0.00005 using the Mann--Whitney *U* test.](JCB_201811114_Fig8){#fig8}

Apical actomyosin activity is known to drive constriction and other morphogenetic processes during development ([@bib89]; [@bib67]). As SGEF OE cells were apically constricted, we analyzed F-actin accumulation in *Xenopus* gastrula-stage epithelial cells. In fixed phalloidin-stained samples, F-actin was significantly increased at both the junctional and medial-apical regions in SGEF OE cells ([Fig. 8, E, E](#fig8){ref-type="fig"}′, and E′′). We also analyzed the effects of overexpressing SGEF on the local accumulation of F-actin and myosin II in live *Xenopus* embryos by coexpressing an F-actin probe (Lifeact-mRFP) and a myosin II intrabody (SF9-mNeon). Compared with CTRL, SGEF overexpression resulted in increased and reorganized junctional and medial-apical F-actin and myosin II; F-actin was broader at cell--cell junctions, whereas myosin II was reorganized into a strong band interior to cell--cell junctions ([Fig. 8 F](#fig8){ref-type="fig"}).

α-Catenin links the AJ to the actin cytoskeleton ([@bib14]). When α-catenin senses increased junctional tension generated by the actomyosin cytoskeleton, it undergoes a conformational change, recruiting vinculin and thus strengthening the AJ's connection to F-actin ([@bib120]). Therefore, the recruitment of fluorescently tagged vinculin to junctions can be used as a readout for increased junctional tension ([@bib34]; [@bib36]). In control *Xenopus* embryos, mNeon-Vinculin was weakly recruited to cell--cell junctions, whereas in SGEF OE embryos, mNeon-Vinculin was strongly recruited to junctions and was particularly increased near TCJs ([Fig. 8, G and H](#fig8){ref-type="fig"}). These results indicate that in developing *Xenopus* embryos, SGEF plays a role in the regulation of apical actomyosin constriction.

SGEF's nucleotide exchange activity is required for junctional maintenance whereas its scaffolding activity is required for apical contractility {#s12}
------------------------------------------------------------------------------------------------------------------------------------------------

SGEF activates RhoG, a Rho GTPase related to Rac that plays a role in a variety of cellular processes, including cell migration, invasion, macropinocytosis, and neurite outgrowth ([@bib51], [@bib52]; [@bib21]; [@bib111]; [@bib43]; [@bib31]; [@bib110]). Our results suggest that SGEF is playing a role in both the formation and maintenance of cell--cell junctions, as well as in the regulation of apical contractility. How is SGEF orchestrating these processes? One possibility is that SGEF is recruited to junctions in order to activate RhoG locally. Alternatively, SGEF could function as a scaffold to mediate the formation of the Scribble/SGEF/Dlg1 ternary complex. To explore these possibilities, we first analyzed the effect of silencing SGEF on the activity levels of RhoG in MDCK cells. Using a RhoG activity pulldown assay ([@bib111]), we found that the activity of RhoG was significantly reduced when SGEF expression was silenced ([Fig. 9, A and B](#fig9){ref-type="fig"}). Active RhoG levels returned to normal when SGEF expression was rescued with mNeon-SGEF WT (Rescue WT), but not when rescued with a catalytic dead (CD) mutant of SGEF (R446A, N621A; Rescue CD; [@bib21]; [Fig. 9, A and B](#fig9){ref-type="fig"}). These results indicate that modulating the expression levels of SGEF in MDCK cells has a significant effect on the endogenous levels of active RhoG.

![**The guanine nucleotide exchange activity of SGEF is required for junctional maintenance, whereas scaffolding activity of SGEF is required for apical contractility. (A)** Active RhoG was precipitated from total lysates of CTRL, SGEF KD, Rescue mNeon-SGEF WT, and Rescue CD mNeon-SGEF using GST--ELMO and immunoblotted with anti-RhoG antibodies. **(B)** For quantification, active RhoG levels were normalized to total RhoG levels. Data are mean ± SEM of three independent experiments. \*\*, P \< 0.005; *ns*, nonsignificant using Student's *t* test (two-tailed, unpaired). **(C)** Lysates from CTRL, SGEF KD, and SGEF KD cells rescued with mNeon-SGEF 1--227, mNeon-SGEF 1--400, or mNeon-SGEF CD were probed for E-cadherin, β-catenin, ZO-1, and myosin IIB antibodies. Tubulin was used as a loading control. **(D and E)** Confluent MDCK CTRL, SGEF KD, and SGEF KD cells rescued with mNeon-SGEF 1--227, mNeon-SGEF 1--400, or mNeon-SGEF CD were stained for endogenous E-cadherin, β-catenin, and mNeon-SGEF (green). Confocal images are maximum projections of apical Z-planes. Scale bar, 5 µm. **(F)** XZ view of MDCK cells from CTRL, SGEF KD, and SGEF KD cells rescued with mNeon-SGEF 1--227, mNeon-SGEF 1--400, or mNeon-SGEF CD stained for F-actin (magenta), nucleus (Hoechst), and mNeon-SGEF (green). Scale bar, 10 µm. **(G)** Confluent MDCK CTRL, SGEF KD, and SGEF KD cells rescued with m-Neon-SGEF 1-227, mNeon-SGEF 1-400, or mNeon-SGEF CD were steined for endogenous ZO-1, myosin IIB, and mNeoen-SGEF (green). Confocal images are maximum projections of apical Z-planes. Scale bar, 5 μm. **(H)** Linescan (6-µm line drawn perpendicular to center of junctions) of IF images in D. At least two fields from two independent experiments (≥150 junctions) were used for quantification. The intensity profiles from were manually centered around the highest peak for each condition. **(I)** Quantification of height in CTRL, SGEF KD, and SGEF KD cells rescued with mNeon-SGEF 1--227, mNeon-SGEF 1--400, or mNeon-SGEF CD cells. *n* = 50 cells for each condition. Error bars represent min to max values with all points. Error bars represent SEM. \*\*\*\*, P \< 0.00005, using the Mann--Whitney *U* test. **(J)** Quantification of zigzag index of CTRL, SGEF KD, and SGEF KD cells rescued with mNeon-SGEF 1--227, mNeon-SGEF 1--400, or mNeon-SGEF CD. At least two fields from two independent experiments (≥200 junctions) were used for quantification. \*\*\*\*, P \< 0.00005; *ns*, nonsignificant using Student's *t* test (two-tailed, unpaired).](JCB_201811114_Fig9){#fig9}

To explore the contributions of the catalytic and scaffolding activities of SGEF, we generated stable cell lines expressing three different SGEF mutants in the background of SGEF KD cells and tested their ability to rescue the key phenotypes described in [Figs. 5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}, and [7](#fig7){ref-type="fig"} for SGEF KD cells (i.e., the strong reduction in E-cadherin, straight TJs, and increased actomyosin contractility). First, SGEF 1--227 is a construct that binds to Scribble but not to Dlg1 (see [Fig. 2](#fig2){ref-type="fig"}), so it cannot form a ternary complex (no scaffolding activity) and has no exchange activity. Second, SGEF 1--400 is a construct that expresses only the minimum region required to bind Scribble and Dlg1, so it has scaffolding activity (can form a ternary complex; see [Fig. 3](#fig3){ref-type="fig"}), but has no catalytic activity. Finally, SGEF CD is a CD full-length SGEF that contains the binding sites for both Scribble and Dlg1 (scaffolding), as well as all the other domains in SGEF. Interestingly, none of the three constructs tested were able to rescue the reduction in E-cadherin protein level observed in SGEF KD cells ([Fig. 9, C, D, and H](#fig9){ref-type="fig"}). This suggested that the catalytic activity of SGEF, and thus RhoG activation, is required for the regulation of E-cadherin expression. Similar results were observed for β-catenin, which loses its tight localization to junctions in SGEF KD cells and could not be rescued by any of the three constructs tested ([Fig. 9 E](#fig9){ref-type="fig"}). As none of the SGEF mutants tested (1--227, 1--400, and CD) rescued the reduction in E-cadherin or the disorganized β-catenin localization at AJs, we hypothesized that these mutants would not be able to rescue the reduced height phenotype observed in SGEF KD cells either. As expected, none of the three SGEF mutants rescued the cell height defect. The average height in cells expressing each of the three SGEF mutants was within the same range of the height measured in SGEF KD cells, approximately two times shorter than that of CTRL cells (CTRL: 5.95 ± 0.18 µm, SGEF KD: 2.5 ± 0.02 µm, Rescue 1--227: 2.99 ± 0.065 µm, Rescue 1--400: 2.57 ± 0.049 µm, and Rescue CD: 3.009 ± 0.064 µm; [Fig. 9, F and I](#fig9){ref-type="fig"}).

Interestingly, the mutants that can form a ternary complex but have no catalytic activity (SGEF 1--400 and SGEF CD) were able to rescue the straight TJ phenotype observed in SGEF KD cells ([Fig. 9, G and J](#fig9){ref-type="fig"}). Quantification of the linearity of the TJs showed that, although not completely rescued to the levels observed in CTRL cells, the zigzag index increased significantly in both Rescue 1--400 and Rescue CD cells when compared with SGEF KD ([Fig. 9 J](#fig9){ref-type="fig"}). Both mutants were also able to rescue the increase in contractility observed in SGEF KD cells, reverting the formation of the apical actomyosin array to a more diffuse myosin II staining around junctions like the pattern found in CTRL cells ([Fig. 9 G](#fig9){ref-type="fig"}).

Overall, our results demonstrate that the regulation of E-cadherin--mediated AJ formation and maintenance requires the exchange activity of SGEF, whereas the ability of SGEF to function as a scaffold by forming the Scribble/SGEF/Dlg1 ternary complex is important for regulating junctional actomyosin contractility and normal junctional architecture.

SGEF KD does not affect polarity but impairs lumen formation in MDCK 3D cysts {#s13}
-----------------------------------------------------------------------------

When MDCK cells are embedded in a 3D ECM such as matrigel or collagen, they form a polarized spherical cyst with a fluid-filled hollow lumen surrounded by a monolayer of polarized cells ([@bib75]). The organization of these cysts resembles that of epithelia in vivo, and thus, cyst development provides a model system for the formation of epithelial morphogenesis in vitro. We used this system to test the potential role of SGEF in the establishment of apicobasal polarity and cyst morphogenesis. First, we determined whether SGEF was required for the establishment of apicobasal polarity in 2D MDCK cultures, where cells form a columnar monolayer with a well-defined apical and basal membrane. Our results showed that in SGEF KD cells, the apical membrane marker gp135/podocalyxin ([@bib77]) targeted efficiently to the apical surface ([Fig. 10 A](#fig10){ref-type="fig"}). These results suggested that even though silencing SGEF induced dramatic changes in TJ and AJ architecture ([Fig. 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}) and cell height ([Fig. 5](#fig5){ref-type="fig"}), it did not affect apicobasal polarity. We then generated cysts by embedding CTRL, SGEF KD, and Rescue WT cells in matrigel and allowing them to grow for 4 d. We stained the cysts with different markers, including β-catenin and E-cadherin (AJ), gp135 (polarity), and F-actin. Our results showed that in CTRL cells, most cysts had a single open lumen that was properly polarized (65%), with β-catenin and E-cadherin decorating the lateral junctions, and gp135 and F-actin concentrated at the apical surface (toward the luminal surface inside of the cyst; [Fig. 10, B--D](#fig10){ref-type="fig"}). The rest of the CTRL cysts contained more than one lumen (multiple), which were all open (35%; [Fig. 10, B--D](#fig10){ref-type="fig"}). In contrast, 77% of the SGEF KD cysts were severely disorganized with no obvious central lumen. Instead of a single open lumen, SGEF KD cysts displayed multiple gp135-positive patches, the majority of which were closed, or, when open, had a very small lumen ([Fig. 10, B and D](#fig10){ref-type="fig"}). This suggested that despite the severity of the SGEF KD phenotype, the establishment of apicobasal polarity was not affected, as gp135 was properly targeted to the apical membrane ([Fig. 10 B](#fig10){ref-type="fig"}). β-Catenin still localized to lateral membranes in SGEF KD cysts ([Fig. 10 B](#fig10){ref-type="fig"}), but E-cadherin was significantly down-regulated ([Fig. 10 C](#fig10){ref-type="fig"}), which was consistent with our observations in 2D cultures. Reexpression of mNeon-SGEF WT (Rescue WT) restored the normal phenotype. The majority of the Rescue WT cysts had open lumens (75%), either single (35%) or multiple (40%; [Fig. 10, B--D](#fig10){ref-type="fig"}), and E-cadherin expression was also restored to normal levels ([Fig. 10 C](#fig10){ref-type="fig"}). These results indicate that, even though SGEF does not play a major role in the establishment of polarity, it regulates both the ability of cysts to form an open lumen and the number of lumens formed in each cyst.

![**SGEF does not affect polarity but regulates lumen formation in 3D MDCK cysts. (A)** IF of MDCK CTRL and SGEF KD cells using gp135 (green), actin (magenta), and nucleus (Hoechst). Scale bar, 10 µm. **(B and C)** MDCK CTRL, SGEF KD, and Rescue WT cells were plated on matrigel to form 3D cysts. Cysts were fixed and stained for β-catenin (red), gp135 (green), and nuclei (blue) in B and E-cadherin (green), phalloidin (red), and nuclei (blue) in C. For detailed protocol of growing and staining cyst, see Materials and methods. Scale bars, 5 µm. **(D)** Cysts from CTRL, SGEF KD, Rescue WT, and Rescue CD were classified based on the number of cysts (single or multiple) and the phenotype of the lumen (open or closed). Three independent experiments were counted for each condition (≥200 cysts/condition). Images in B and C are single Z-sections corresponding to the center of the cyst.](JCB_201811114_Fig10){#fig10}

To explore the contribution of the catalytic and scaffolding activities of SGEF during cyst formation, we also generated cysts using the stable Rescue CD cells described in [Fig. 9](#fig9){ref-type="fig"}, which express a full-length CD mutant of SGEF in SGEF KD cells. Our results showed that, in agreement with the results obtained in 2D monolayers, the expression of E-cadherin was not rescued in Rescue CD cysts, confirming the requirement of the exchange activity for the regulation of E-cadherin levels ([Fig. 10 C](#fig10){ref-type="fig"}). In addition, expression of SGEF CD did not rescue the ability of the cysts to form a single central lumen ([Fig. 10 C](#fig10){ref-type="fig"} and Fig. S5). Quantification showed that the number of cysts that had a single lumen decreased from 65% in CTRL cells to 13% in SGEF KD cells. Rescue WT increased the number of single lumens to 36%, whereas in Rescue CD cysts, only 14% had a single lumen ([Fig. 10 D](#fig10){ref-type="fig"}, red and dark green bars). To our surprise, the scaffolding activity of SGEF appeared to be required during lumen opening, as SGEF CD expression significantly restored the number of cysts that formed open lumens ([Fig. 10 C](#fig10){ref-type="fig"} and Fig. S5). Quantification demonstrated that the number of cysts with an open lumen decreased from 100% in CTRL cells to 23% in SGEF KD cells. Reexpression of SGEF WT and SGEF CD restored the number of cysts with open lumens to 77% and 59%, respectively ([Fig. 10 D](#fig10){ref-type="fig"}, red and orange bars). Overall, these results suggest that SGEF plays a role during lumen formation in 3D cysts. The catalytic activity of SGEF is important for formation of a cyst with a single lumen, which may depend on the regulation of E-cadherin expression (see Discussion). The scaffolding activity, on the other hand, is required for the formation of a fluid-filled open lumen.

Discussion {#s14}
==========

The formation of a polarized epithelium requires the coordinated action of three highly conserved protein complexes: PAR, Crumbs, and Scribble ([@bib7]). These polarity protein complexes act as scaffolds recruiting other proteins in response to both intracellular and extracellular cues, which ultimately result in the reorganization of the cytoskeleton and vesicular trafficking that leads to the establishment of cellular asymmetry ([@bib88]).

The Scribble complex was initially identified in *Drosophila* as a critical regulator of epithelial polarity ([@bib29]; [@bib64]; [@bib117]; [@bib6]) and was later shown to be involved in the regulation of other cellular processes, including cell--cell adhesion, asymmetric cell division, vesicular trafficking, cell migration, and planar-cell polarity ([@bib22]). The canonical Scribble complex is comprised of three proteins, Scribble, Dlg, and Lgl, which are thought to function in a common pathway ([@bib22]). However, the molecular mechanisms that regulate their physical interactions and functions are poorly characterized.

In this study, we show that SGEF, a RhoG-specific GEF, forms a ternary complex with two of the members of the Scribble polarity complex, Scribble and Dlg1. The formation of this ternary complex positions SGEF at cell--cell junctions, where it regulates the formation and maintenance of AJs, as well as actomyosin contractility and barrier function at TJs. SGEF does not appear to affect apicobasal polarity in 3D cysts, but it plays a role during lumen formation.

Our results provide a detailed map of the interaction between these three proteins. SGEF interacts with the GUK domain of Dlg1 through an unstructured 50-aa motif and with Scribble PDZ1 domain through a novel iPBM. Although PBMs are typically located at the extreme C terminus of a protein ([@bib95]), a small number of iPBMs have been identified ([@bib10]; [@bib39]; [@bib116]; [@bib60]; [@bib79]; [@bib66]). In contrast to the C-terminal PBMs, a consensus motif for the iPBMs identified so far has not been defined. The structure of the Scribble PDZ1--SGEF interaction is also very different, and the two proteins make much more extensive contacts compared with the two previously published PDZ/iPBM structures ([@bib39]; [@bib79]). Interestingly, SGEF encodes a second PBM at its C terminus (type I). Our results show that it does not interact with any of the seven PDZ domains encoded by Scribble and Dlg1, suggesting that it may function to recruit other interacting partners to the Scribble complex.

Our results show that the interaction is mediated by the GUK domain of Dlg1 and a stretch of 50 aa in the N terminus of SGEF. However, a previous report had described the interaction between SGEF and Dlg1 and mapped the interaction to SGEF's PBM and Dlg1's PDZ domains 1--2 ([@bib53]). Interestingly, the initial report also showed that SGEF and Dlg1 were able to interact when the PBM in SGEF and PDZ domains in Dlg1 were deleted. Moreover, the GUK domain of Dlg1 was shown to interact with a mutant of SGEF in which the SH3 and PBM were deleted. It is possible that the PBM--PDZ interaction observed by [@bib53] resulted from the way these assays were performed, i.e., using a high concentration of GST-tagged proteins expressed in bacteria. The specificity of a PBM--PDZ interaction in vitro only demonstrates its potential binding capability, but it does not necessarily mean that interaction should exist in vivo. Here, the C terminus of SGEF has the potential to bind Dlg1 in vitro, but our data indicate it does not bind in vivo.

SGEF belongs to a small subfamily of six related GEFs called ephexins ([@bib90]), but the Scribble and Dlg1 binding sites are only found in SGEF. Both binding interfaces are located at SGEF's N terminus and are highly conserved among vertebrates. SGEF orthologues do not seem to be present in *Drosophila* or other invertebrates. The closest homologue in *Drosophila* is ephexin, which lacks the N-terminal Scribble/Dlg1 binding region and is more closely related to ephexin 4 in humans.

Interestingly, the formation of a ternary complex including Scribble and Dlg appeared at least one more time during evolution. In *Drosophila*, a protein called GUK-holder (GUKH) also forms a ternary complex with Dlg1 and Scribble ([@bib62]). Like SGEF, GUKH binds to the GUK domain of Dlg1 and to PDZ1 in Scribble, although through a C-terminal PBM ([@bib62]; [@bib16]). In contrast to SGEF, GUKH functions exclusively as a scaffold and has no known enzymatic activity. GUKH plays a role in the development of *Drosophila* epithelial tissues, and silencing GUKH enhances the defects caused by Scribble or Dlg depletion in eyes and wings ([@bib16]). Two GUKH orthologues have been identified in humans, Nance-Horan syndrome (NHS) and NHSL1 ([@bib50]). NHS proteins localize to cell junctions and also associate with Scribble and the Dlg family member PSD95 (Dlg4). However, the ability of NHS to mediate the formation of a ternary complex has not been demonstrated ([@bib92]; [@bib113]). It is tempting to speculate that the function of *Drosophila* GUKH is conserved in humans in the NHS family, and SGEF regulates a different function that appeared later during vertebrate evolution. It also raises the possibility that in vertebrates, different ternary complexes could coexist in the same cell, and could possibly regulate different processes.

In mammalian cells, both Scribble and Dlg1 are targeted to cell--cell junctions, where they are distributed throughout the lateral membrane and colocalize with both AJ and TJ markers ([@bib20]; [@bib55]; [@bib69]; [@bib42]). Our results show that SGEF targets to cell--cell junctions in a Scribble-dependent manner, where it also colocalizes with AJ and TJ markers. Targeting SGEF to junctions is important for Dlg1 recruitment and to a lesser extent may also help recruit or maintain Scribble at the right location. When SGEF expression is silenced, the most striking phenotype is an almost complete loss of E-cadherin protein expression, which is accompanied by disorganized AJs, a collapse of the lateral membrane, and a threefold decrease in cell height. Silencing Scribble or Dlg1 in mammalian cells also affects AJ architecture in a similar fashion, although the effects are typically milder and are not associated with significant E-cadherin down-regulation ([@bib55]; [@bib81]; [@bib35]). Surprisingly, neither β-catenin nor p120-catenin is down-regulated upon SGEF KD, where the E-cadherin expression level is strongly reduced, and cells can still form a monolayer. Moreover, β-catenin and α-catenin are still localized to AJ when E-cadherin expression is silenced to almost undetectable levels ([@bib15]). This could be a result of compensation by other cadherins, which are up-regulated in the absence of E-cadherin ([@bib104]; [@bib108]). We found that cadherin-6, which is expressed at high levels in MDCK cells ([@bib99]), is up-regulated in SGEF KD cells. This may contribute to maintaining the monolayer integrity in the absence of E-cadherin, although it is not sufficient to restore normal AJ architecture. As in E-cadherin KD cells ([@bib15]), SGEF KD affects primarily the establishment of junctions but not the maintenance of already established junctions. Interestingly, down-regulation of E-cadherin expression is a hallmark of epithelial-to-mesenchymal transition (EMT; [@bib48]). Despite a drastic decrease in E-cadherin levels, we see no phenotypic indication of EMT in SGEF KD cells. This is not completely unexpected, as studies in normal cells have shown that E-cadherin loss is not always sufficient to induce EMT ([@bib18]). It is possible that the partial compensation by cadherin-6 and/or other cadherins plays a role in preventing EMT.

Besides its role in regulating AJ structure, SGEF also regulates the structure and function of TJs. In SGEF KD MDCK cells, TJs lose their typical curvilinear morphology and become very straight, with cells adopting an isometric polygonal shape. In addition, a highly contractile junctional actomyosin array accumulates at junctions in SGEF KD cells, which increases tension at the AJC. A strikingly similar phenotype has been described in ZO-1 KD/KO ([@bib112]; [@bib105]) and ZO-1/ZO-2 double KD in MDCK cells ([@bib24]; [@bib19]), as well as during Shroom overexpression ([@bib38]). Both ZO-1/ZO-2 and Shroom function upstream of ROCK ([@bib38]; [@bib19]), suggesting that SGEF may also operate directly or indirectly in a pathway that regulates ROCK recruitment and/or activation.

Notably, silencing SGEF has a much broader and more severe impact on both AJs and TJs than in the aforementioned studies ([@bib38]; [@bib24]; [@bib19]), with a strong reduction in E-cadherin protein level, disorganized AJs, reduced cell height, and disrupted barrier function, which have not been observed when Scribble or Dlg1 was silenced ([@bib55]; [@bib81]; [@bib19]; [@bib35]), or upon Shroom overexpression ([@bib38]). ZO-1 KO/ZO-2 KD epithelial cells (Eph4) are unable to form TJ strands and exhibit significant increase in paracellular permeability of large solutes and a decrease in TEER ([@bib109]). In MDCKs, ZO-1/ZO-2 double KD MDCK cells exhibit a similar phenotype with increased paracellular permeability of large solutes but no change in TEER ([@bib24]). This suggests that SGEF may also function in other pathways in parallel to those in which Scribble, Dlg1, and ZO-1 are involved. Alternatively, it can be attributed to differences in the efficiency of KD, or to the use of different cell lines in the previous studies that could result in milder phenotypes.

SGEF has been shown to direct actin cytoskeleton remodeling at both the dorsal and ventral surface of the cells, but never before at cell--cell junctions ([@bib21]; [@bib78]; [@bib111]; [@bib31]). Our study delineates two very well-defined roles for SGEF, which can be classified according to their dependence on SGEF's nucleotide exchange activity. The regulation of E-cadherin stability and proper AJ architecture requires the nucleotide exchange activity of SGEF, suggesting it is mediated by RhoG. On the other hand, SGEF-mediated regulation of junctional contractility is independent of its exchange activity, and only requires the ability of SGEF to form a ternary complex with Scribble and Dlg1. The molecular mechanisms that control these two processes are not known. A potential candidate connecting RhoG activity and AJ formation is the RhoG effector ELMO2. ELMO2 is expressed in MDCKs and has been shown to play a role, together with the Rac1 GEF DOCK1, in recruiting E-cadherin to junctions ([@bib106]). However, silencing either ELMO2 or DOCK1 only delays junction formation and has no effect on E-cadherin expression levels ([@bib106]), which suggests that SGEF and RhoG may function through a yet to be characterized pathway. Regarding the role of the Scribble/SGEF/Dlg1 ternary complex in the regulation of junctional contractility and TJ morphology, virtually nothing is known. Scribble has been shown to interact with ZO-1/ZO-2, suggesting the ternary complex may be physically linked to TJs ([@bib65]; [@bib42]). Our future efforts are aimed to characterize the downstream signaling pathways that connect SGEF with AJ and TJ function.

Overexpression of SGEF in *Xenopus* epithelial cells induces a different contractility phenotype, with a dramatic accumulation of F-actin and myosin II at the apical belt, which leads to apical constriction and reduced apical cell area. At the apical surface, actin polymerization and actomyosin contractility are regulated by the coordinated actions of several GTPases, including RhoA, Rac1, and Cdc42. This requires a tight control of the spatial and temporal activation pattern of each of the GTPases involved. The molecular mechanisms controlling these processes are still not well characterized, but several RhoGEFs and RhoGAPs are identified to modulate this process ([@bib2]; [@bib96]; [@bib103]; [@bib40]; [@bib73]; [@bib84]; [@bib107]; [@bib70]; [@bib121]; [@bib11]). Silencing the expression of these GEFs and GAPs alters junction integrity or interferes with contractility, suggesting that multiple GEFs and GAPs regulate different functions at cell junctions ([@bib85]; [@bib71]). Interestingly, the RhoA-GAP DLC3 and the Rac1-GEF β-PIX interact with Scribble to locally control RhoA and Rac1 activity along the lateral membrane of epithelial cells ([@bib4]; [@bib35]). It is possible that SGEF's interaction with Scribble and Dlg1 also contributes to the regulation of the balance of the different GTPases that function at cell junctions and control contractility. This could be mediated by RhoG, which can act both upstream of and in parallel with Rac1 and Cdc42 ([@bib30]; [@bib12]; [@bib115]; [@bib49]; [@bib91]). Further studies are needed to understand the molecular mechanisms that control these processes.

Contrary to our expectations, silencing SGEF does not affect apicobasal polarity when tested in 3D cysts. However, in the absence of SGEF, MDCK cysts display two distinct and severe phenotypes. First, instead of a single central lumen, most SGEF KD cysts display multiple lumens. These results agree with previous RNAi screens that identified SGEF as one of five human RhoGEFs with defects in lumen formation ([@bib82]). The formation of cysts with multiple lumens may be caused by the loss of E-cadherin, as previous work has shown that E-cadherin KD cysts have multiple small lumens ([@bib44]). ZO-1, which is also reduced in SGEF KD, may also contribute to the phenotype, as the average number of lumens increases in ZO-1--depleted cysts ([@bib76]). Additionally, Dlg1 KD promotes multiple lumens, suggesting that the interaction between SGEF and Dlg1 may be important to specify a single lumen ([@bib5]). Second, the formation of an open lumen is severely impaired in SGEF KD cysts, which form either very small or completely closed lumens. In MDCK cells grown in matrigel, the formation of an open lumen requires the polarized delivery of secretory vesicles that are targeted to the site of lumen initiation, where they fuse with the plasma membrane ([@bib94]). The mechanism by which SGEF regulates the formation of an open lumen is not known, but previous work suggests it may be related to its newly revealed ability to bind Scribble, as Scribble function has been associated with lumen opening. When Scribble is silenced, cysts form with closed lumens in vitro ([@bib119]; [@bib35]), and in vivo, lungs from the Scribble mouse mutant Circletail are abnormally shaped with fewer airways that often lack a visible, open lumen ([@bib119]). Again, as observed with the results in 2D monolayers, the scaffolding and catalytic activities of SGEF seem to independently regulate the two main cysts phenotypes observed; the scaffolding activity is sufficient to mediate lumen opening, whereas the catalytic activity is required for the regulation of lumen number.

Future experiments will focus on the molecular mechanisms that control the formation of the ternary complex and its role in the regulation of AJ and TJ function. It will also be interesting to characterize the spatiotemporal regulation of RhoG activity, identify RhoG's downstream effectors, and decipher the mechanisms by which they control E-cadherin stability and AJ function.

Materials and methods {#s15}
=====================

Cell lines {#s16}
----------

HEK 293FT cells (Thermo Fisher Scientific) were used for all the overexpression and pulldown experiments unless indicated otherwise. MDCK II cells were a gift from I.G. Macara (Vanderbilt University, Nashville, TN). Caco-2 cells were a gift from W.S. Crawley (The University of Toledo, Toledo, OH). HEK 293FT and MDCK cells were grown in DMEM (GIBCO) containing 10% FBS and antibiotics (penicillin-streptomycin). Caco-2 cells were grown in DMEM supplemented with 10 mM L-glutamine containing 20% FBS and antibiotics (penicillin-streptomycin). All cell lines were grown at 37°C and 5% CO~2~. All experiments were conducted with early passage cells that were passaged no more than 15 times. Mycoplasma was tested regularly by staining with Hoechst 33342 (AnaSpec Inc).

Antibodies {#s17}
----------

SGEF polyclonal antibodies were generated in rabbits using the following antigen located at SGEF's N terminus (DGESEVDFSSNSITPLWRRR; Pacific Immunologicals). The following antibodies were used in this study: RhoG (SC-26484, mouse monoclonal) 1:1,000 WB; Myc (9E10, SC-131, mouse monoclonal) 1:1,000 WB; Afadin (SC-74433, mouse monoclonal) 1:500 WB, 1:50 IF; Dlg1 (SC-9961, mouse monoclonal) 1:500 WB, 1:100 IF; Scribble (SC-11049, goat polyclonal) 1:250 WB, 1:25 IF; β-catenin (SC-7963, mouse monoclonal) 1:1,000 WB, 1:100 IF; p120-catenin (SC-13957, mouse monoclonal) 1:500 WB, 1:50 IF; and pan-cadherin (SC-515872, mouse monoclonal) 1:500 WB, 1:50 IF, all from Santa Cruz Biotechnology; E-cadherin (rr1, mouse monoclonal) 1:500 WB, 1:100 IF; and gp135 (3F2/D8, mouse monoclonal) 1:300 IF, from the Developmental Studies Hybridoma Bank at the University of Iowa; tubulin (T9028, mouse monoclonal) 1:10,000 WB, from Sigma-Aldrich; myosin IIB (D8H8, rabbit polyclonal) 1:500 WB, 1:50 IF, from Cell Signaling Technology; ZO-1 (339100, mouse monoclonal) 1:1,000 WB, 1:150 IF; GFP (MA5-15256, mouse monoclonal) 1:10,000 WB; 6x-His Tag (HIS.H8, mouse monoclonal) 1:3,000 WB; and cadherin-6 (2B6, rabbit polyclonal) 1:250 WB, 1:25 IF, from Thermo Fisher Scientific; myosin IIB (909901, rabbit polyclonal) 1:1,000 WB, 1:250 IF, from Biolegend; Alexa Fluor 488-- and Alexa Fluor 594--conjugated anti-mouse-IgG and anti-rabbit-IgG secondary antibodies (A11008, A11001, A11005, A32733, and R37117), Alexa Fluor 594 (A-11032), and Alexa Fluor 647 (A22287) conjugated to phalloidin, from Thermo Fisher Scientific; HRP-conjugated anti-mouse-IgG, anti-rabbit-IgG, and anti-goat-IgG secondary antibodies from Jackson Immunoresearch (715-035-151, 711-035-152, and 705-035-147).

Plasmids and constructs {#s18}
-----------------------

A list of plasmids used in the study is shown in Table S1.

Two-hybrid screening {#s19}
--------------------

A Matchmaker Gold Yeast Two-Hybrid System (Clontech) was used to screen for SGEF-interacting proteins. Full-length human SGEF was cloned into the "bait" vector pGBK7 and used to screen a mouse kidney pGADT7 cDNA library (\>2.5 × 10^7^ independent clones). Individual colonies containing potentially positive clones (126) were isolated and retested for interaction with SGEF, and false positives were discarded. The inserts from the positive clones were amplified by PCR and grouped according to their restriction pattern. Representative clones from each group were sequenced.

Lentiviral constructs and transduction {#s20}
--------------------------------------

pLKO.1 Blast, Addgene 26655, was used to knock down SGEF in MDCK cells. pLKO.1 Blast lentiviral nontargeting shRNA CTRL was from Addgene 26701. The targeting shRNA sequence for canine SGEF is GGT​GAA​AAG​AGG​TGA​GTT​A ([@bib82]). Lentiviruses were prepared by transfecting HEK293FT cells with pLKO.1 (6 µg), pMD2.G (0.8 µg), and pSPAX2 (4 µg) constructs (pMD2.G and pSPAX2 were a gift from Didier Trono, EPFL, Lausanne, Switzerland); Addgene plasmids 12259 and 12260). Cell culture medium was changed 24 h after transfection, and lentivirus was harvested 48 h after transfection. MDCK cells were infected with lentivirus particles overnight. The following day, the infection medium was removed and replaced with complete medium containing 10 µg/ml blasticidin to select for shRNA-expressing cells. Total cell lysates were subjected to WB analysis for protein expression as described above. For some shRNAs, single-cell colonies were isolated by serial dilution. pLenti-CMV-Hygro-Dest vector from Addgene 17454 was used to prepare stable MDCK cells expressing mNeon-SGEF constructs as described above. For overexpression and rescue experiments, MDCK cells were infected with lentivirus particles overnight and then selected with 600 ng/ml hygromycin.

Transfections and immunoprecipitation {#s21}
-------------------------------------

HEK293FT cells were transfected using a standard calcium phosphate transfection method. Briefly, 50 µl of 2.5 M CaCl~2~ was diluted to a final concentration of 0.25 M in MilliQ water. The DNA constructs to be transfected were added to the diluted CaCl~2~ reagent and mixed by tapping gently. 500 µl of 2× HBS (Hepes Buffer Saline) (280 mM NaCl, 10 mM KCl, 1.5 mM Na~2~HPO~4~, 12 mM H~2~0, 50 mM Hepes, pH 7.05, and 12 mM glucose) was then added to the bottom of the tube, and the mixture was aerated gently by blowing bubbles with an empty 1-ml pipette at the bottom of the tube. The transfection mix was allowed to stand at room temperature for 30 s and then added dropwise to a 100-mm tissue culture dish of cells. Media were changed 24 h after transfection and cells harvested 48 h after transfection. The cells cultured on 100-mm tissue culture dishes were rinsed with PBS and then scraped into a lysis buffer containing 50 mM Tris-HCl, pH 7.4, 10 mM MgCl~2~, 150 mM NaCl, 1% Triton X-100, and EZBlock protease inhibitor cocktail (BioVision). The supernatant was collected after centrifugation at 16,800 *g* for 10 min. For immunoblotting, lysates were boiled in 2× Laemmli buffer, and 20 µg of protein was resolved by SDS-PAGE. The proteins were transferred onto polyvinylidene fluoride and immunoblotted with the indicated antibodies. Immunocomplexes were visualized using the SuperSignal West Pico PLUS Chemiluminescent HRP substrate (Thermo Fisher Scientific). For immunoprecipitation, protein concentration was measured using DC protein assay reagent (BioRad) and equal amount of protein added to respective beads (ChromoTek GFP-Trap, myc-Trap, or mNeon-Trap beads). Beads were incubated with lysates for 1 h at 4°C on a rotator, washed four times with lysis buffer, resuspended in 2× Laemmli buffer, and loaded on SDS polyacrylamide gels for WB analysis. For coimmunoprecipitation of the endogenous Scribble/SGEF/Dlg1 ternary complex, Caco-2 or MDCK cells grown in 100-mm tissue culture dishes were rinsed with PBS containing 10 mM EDTA and lysed using a modified lysis buffer (50 mM Tris-HCl, pH 7.4, 10 mM MgCl~2~, 150 mM NaCl, 1% Triton X-100, 10 mM EDTA, and EZBlock protease inhibitor cocktail \[BioVision\]). The cell lysates were then incubated with anti-Dlg1 antibodies (or no antibodies: CTRL) at 4°C for 3 h. Protein G-Sepharose (GE) was then added and incubated overnight at 4°C. Immune complexes were recovered by centrifugation, washed three times with lysis buffer, and boiled in SDS sample buffer. Immune complexes were split into two aliquots (90% and 10%), which were run separately on SDS-PAGE gels and transferred to polyvinylidene fluoride membranes. The membranes with 90% of immune complexes were blotted for Scribble and SGEF, whereas those with 10% of immune complexes were blotted for Dlg1.

3D cyst culture {#s22}
---------------

The day before cyst inoculation, MDCK cells were split into a 10-cm dish at a confluency of 1:10. On the day of plating, plates were washed two times followed by trypsinization using 0.25% trypsin, centrifuged at 1,200 rpm followed by two washes, and resuspended in calcium- and magnesium-free PBS. 2 × 10^3^ cells were then plated on 100% matrigel on an eight-well glass-bottom μ-slide (Ibidi; 6 µl matrigel per well). Cells were then overlaid with 300 µl of 2% matrigel in DMEM. The cysts were grown for 4 d with a change of media on day 2. On day 4, cysts were fixed with 3.7% formaldehyde and processed for IF.

IF assays {#s23}
---------

The IF assays were performed as described earlier ([@bib27]). Briefly, MDCK cells grown on coverslips or Transwell filters were fixed for 10 min with 3.7% paraformaldehyde and quenched with 10 mM ammonium chloride. Cells were then permeabilized with 0.1% Triton X-100 in PBS for 10 min. The coverslips were then washed with PBS and blocked in PBS, 2.5% goat serum (Sigma-Aldrich), and 0.2% Tween 20 for 5 min followed by 5-min blocking in PBS, 0.4% fish skin gelatin (Sigma-Aldrich), and 0.2% Tween 20. Cells were incubated with primary antibodies for 1 h at room temperature. The coverslips were then washed with PBS and 0.2% Tween 20 and incubated with Alexa Fluor 594 or 647 secondary antibodies for 45 min, washed as described above, and mounted on glass slides in ProLong Diamond Antifade Mountant (P36965; Thermo Fisher Scientific).

For 3D cysts, IF was performed as previously described ([@bib74]). Briefly, samples were washed with PBS and fixed in 3.7% paraformaldehyde, washed, and then permeabilized with 0.2% Triton X-100 for 10 min. After blocking with 0.4% fish skin gelatin and 2.5% goat serum (30 min each), the cysts were incubated overnight at 4°C with primary antibodies in 2.5% goat serum. Primary antibodies were used at a concentration two times higher than that used for IF on coverslips. Cysts were then washed three times quickly, followed by 3 × 10-min washes with 0.2% Tween 20 in PBS. Secondary antibodies coupled with Alexa Fluor 488, 594, or 647 were incubated with the fixed specimens for 2--3 h at room temperature. Cysts were washed five times with 0.2% Tween in PBS and mounted in ProLong Diamond antifade reagent.

TEER measurements {#s24}
-----------------

The cells were plated onto 0.4-µm polyester membrane, 12-mm Transwell filters, at 5 × 10^5^ cells per filter (Corning). Resistance measurements were performed 3 d later in triplicate using an EVOM Epithelial Voltohmmeter (World Precision Instruments). The values represent the average of three trials minus the background resistance. Values were normalized to those of CTRL cells (100%).

Confocal microscopy {#s25}
-------------------

Fluorescent confocal images were collected either using an inverted Olympus Fluoview 1000 microscope equipped with a 60× supercorrected PLAPON 60XOSC objective (NA = 1.4; working distance = 0.12 mm) and FV10-ASW software (*Xenopus* embryo studies) or using a Leica SP8 confocal microscope equipped with HyD detectors, a PlApo CS2 N 63×/1.4 oil objective, LAS X software (Leica), and a Hybrid superresolution package (HyVolution; MDCK studies).

Image processing and quantifications in MDCK cells {#s26}
--------------------------------------------------

### Deconvolution microscopy {#s27}

To examine the localization of actin and myosin in MDCK cells, Z-section images were captured using the HyD detectors in the Leica SP8 confocal with the PlApo CS2 N 63×/1.4 objective, and the raw data were deconvolved using Huygens software (Scientific Volume Imaging) that accompanies the HyVolution package using standard settings.

### Zigzag index measurements {#s28}

The zigzag index was calculated as previously described ([@bib105]). Briefly, BCJs were manually traced both freehand following exactly the lines of the junction, and with a straight line between the two TCJs encompassing the junction. The ratio of the freehand lines to that of straight lines was calculated and defined as the zigzag index. Around 100 cells were analyzed in a total of three independent experiments.

### Quantification of junctional E-cadherin, β-catenin, p120-catenin, Scribble, and Dlg1 {#s29}

Line scans (6-µm line drawn perpendicular to the center of junctions) were performed using ImageJ as follows. Brightest point projections of z-stacked images were created using ImageJ. At least two fields from two independent experiments were used for quantification (≥200 junctions). The intensity profiles were manually centered around the highest peak for each condition.

### Quantification of height of MDCK cells {#s30}

Confocal images were captured in XZ mode using a Leica SP8 confocal microscope. Leica LAS X software was used for measurement of height at the tallest point of a cell. At least 50 cells from 10 individual images in at least three different experiments were used to calculate height.

### Quantification of ZO-1 intensities at junctions of MDCK cells {#s31}

Brightest point projections of z-stacked images were created using ImageJ. A rectangle of size 4 × 1.5-µm length was aligned with its longer side parallel to the length of a junction. Average intensities were plotted using Prism 8 (GraphPad).

### Quantification of Afadin TCJ/BCJ intensity ratio {#s32}

Brightest point projections of z-stacked images were created using ImageJ. A circle of 2.5 µm diameter was placed at the center of a TCJ and its corresponding BCJ. Average Afadin intensities (TCJ/BCJ) were plotted using Prism 8 (GraphPad).

*Xenopus* embryos and microinjections {#s33}
-------------------------------------

All studies conducted using *Xenopus* embryos strictly adhered to the compliance standards of the US Department of Health and Human Services Guide for the Care and Use of Laboratory Animals and were approved by the University of Michigan's Institutional Animal Care and Use Committee. *Xenopus* embryos were collected, in vitro fertilized, dejellied, and microinjected with mRNAs for fluorescent probes using methods described previously ([@bib87]). Briefly, embryos were injected in the animal hemisphere at the two-cell stage (each cell injected twice) for fixed phalloidin staining experiments, and either at the two-cell stage (each cell injected twice) or at the four-cell stage (each cell injected once) for live imaging experiments and allowed to develop to gastrula stage (stages 10.5--12; [@bib72]). The constructs used for these experiments and their sources are summarized in Table S1. The conditions used for microinjection are listed in Table S2.

F-actin staining in *Xenopus* {#s34}
-----------------------------

Gastrula-stage embryos were fixed and stained using methods described previously ([@bib87]) with the following changes: embryos were fixed with 1.5% formaldehyde, 0.25% glutaraldehyde, 0.2% Triton X-100, and 0.88× MT fix buffer (1× MT buffer: 80 mM K-Pipes, 5 mM EGTA, and 1 mM MgCl~2~, pH 6.8) and blocked in Tris-buffered saline (50 mM Tris and 150 mM NaCl, pH 7.4) containing 10% FBS, 5% DMSO, and 0.1% NP-40 overnight at room temperature. F-actin was stained with phalloidin Alexa Fluor 568 (Life Technologies), 1:100. Phalloidin was added during the initial fixation step to help preserve delicate medial-apical actin structures.

Image processing and quantification in *Xenopus* {#s35}
------------------------------------------------

All images were processed and analyzed with ImageJ. En face views shown in figures are brightest point Z-projections. Side views shown are averaged projections or single Z-planes (see figure legends). Videos were converted to avi files using ImageJ (JPEG compressed, 15 frames/s). Graphs and statistical analysis were done using GraphPad Prism 5.

### Quantification of SGEF and RhoG localization relative to AJs and TJs in live embryos {#s36}

The apico-basal intensity profiles of mNeon-tagged SGEF and RhoG were quantified as described in [@bib37]. Briefly, z-stack images of 30--40 optical slices with 0.5 µm thickness were taken from multiple embryos (see numbers in figure legend). Each junction was quantified as follows: a 50 × 50-pixel (px)-square region of interest of a straight section of the junction was cropped from the original image and reoriented, yielding a stack of 50 X-Z side views of the junction. This side view stack was flattened using an average intensity projection. Because the junction is often not straight from apical to basal, the intensities at each z position were flattened into 1 px using a brightest point projection. Fluorescence intensity profiles were determined for TagBFP-ZO-1 (TJ marker), PLEKHA7-mCherry (AJ marker), and either mNeon-SGEF or mNeon-RhoG for each junction. The intensity profiles from multiple junctions were then normalized and averaged to produce the graphs shown in [Fig. 4](#fig4){ref-type="fig"}.

### Quantification of junctional mNeon-SGEF WT, mNeon-SGEF 1--227, and mNeon-SGEF 228--871 in live embryos {#s37}

Brightest point projections of z-stack images were generated using ImageJ. From each image, 14 to 20 BCJ junctions were traced with a 1-px-wide segmented line, and mean intensities were measured. Cytosolic intensities were measured by shifting each segmented line into the cytosolic region 5--10 px to the side of the junction. Ratios of junctional to cytosolic SGEF were calculated.

### Quantification of junctional F-actin in fixed phalloidin-stained embryos {#s38}

Line scans were performed using ImageJ as follows. Brightest point projections of z-stacked images were created using ImageJ. Junctions were traced with a 5-px-wide segmented line. Average intensities and junction lengths were measured. All junctions fully visible in each image were included. The data were graphed using Prism.

### Quantification of medial-apical F-actin in fixed phalloidin-stained embryos {#s39}

Brightest point projections of z-stacked images were created using ImageJ. The entire medial-apical surface of each cell was outlined, and average intensities were measured. All cells fully visible in each image were measured. The intensity data were graphed using Prism.

### Quantification of junctional vinculin intensity in live embryos {#s40}

Line scans were performed using ImageJ as follows. Brightest point projections of z-stacked images were created using ImageJ. Junctions were traced with a 1-px-wide segmented line, and average intensities were measured. Five to seven junctions were measured from each image. Since mRNA expression levels vary from embryo to embryo and even within each embryo membrane probe intensities were used to normalize vinculin intensity data. These data were graphed using Prism (GraphPad).

Statistical analysis {#s41}
--------------------

Each experiment was performed at least three times unless indicated. Each dataset was tested for normality using the D'Agostino test in Prism8 (GraphPad). Statistical significance was then determined using either a *t* test (two-tailed, unpaired), with data that passed the normality test, or a Mann--Whitney *U* test, as indicated in the figure legends, using Prism8 (GraphPad).

Protein expression and purification {#s42}
-----------------------------------

Polymerase chain reaction was used to amplify the human Scribble PDZ1 domain (residues 725--815) from the full-length DNA sequence. The amplified DNA was ligated into a modified pET21α vector (Novagen) that contained an N-terminal 6XHis affinity tag and a tobacco etch virus (rTEV) protease cleavage site. The nucleotide coding sequence of the pET21α-PDZ1 vector was verified by automated DNA sequencing (University of Iowa, DNA Facility). Protein expression was conducted in BL21(DE3) (Invitrogen) *Escherichia coli* cells. Typically, *E. coli* cells were grown at 37°C in Luria-Bertani medium supplemented with ampicillin (100 µg/ml) under vigorous agitation until an A600 of 0.6--0.8 was reached. Cultures were subsequently cooled to 18°C, and protein expression was induced by the addition of isopropyl 1-thio-β-d-galactopyranoside to 1 mM final concentration. Induced cells were incubated for an additional 16--18 h at 18°C and harvested by centrifugation.

The Scribble PDZ1 domain was purified by nickel-chelate (GE Healthcare) and size-exclusion chromatography (GE Healthcare). The N-terminal 6XHis affinity tag was removed by proteolysis with recombinant rTEV protease for 36 h at 4°C. Undigested protein, cleaved 6XHis tag, and His-tagged rTEV were separated from Scribble PDZ domains by nickel-chelate chromatography. The digested proteins were further purified with S75 size-exclusion chromatography with the desired final buffer. The final yield was ∼50 mg of PDZ protein (\>98% pure as judged by SDS-PAGE) from 1 liter of culture. Samples were used immediately or lyophilized and stored at --80°C.

### Synthetic SGEF peptide {#s43}

The SGEF iPBM (residues 42--55: ac-KPNGLLITDFPVED~CONH2~) peptide was chemically synthesized by GenScript and judged to be \>95% pure by analytical HPLC and mass spectrometry. The SGEF iPBM peptide was acetylated at the N terminus and amidated at the C terminus. The peptide concentration was determined by absorbance measurements (A280) using the predicted extinction coefficient from the amino acid sequence.

Crystallization and data collection {#s44}
-----------------------------------

Crystallization conditions for the free and peptide-bound forms of the Scribble PDZ1 domain were determined by the hanging-drop, vapor-diffusion method using high-throughput screens automated by a Mosquito drop setter (TTP LabTech). Equal volumes (200 nl) of precipitant and protein (10--23 mg/ml; 20 mM Tris base and 50 mM NaCl, pH 7.5) alone or with 5--10 molar equivalents of peptide were used for crystal screens. Crystals of the free Scribble PDZ1 domain were obtained in condition 40 of the index screen (0.1 M citric acid, pH 3.5, and 25% \[wt/vol\] PEG 3350; Hampton Research), while the Scribble PDZ1/SGEF-PDZ~peptide~ complex formed crystals in condition 29 of the index screen (60% \[vol/vol\] Tacsimate, pH 7.0; Hampton Research).

Initial crystal diffraction screening was achieved with a CuK rotating anode beam; full x-ray diffraction datasets for structure determination were collected using a RDI CMOS_8M detector at 0.5 steps over 180° for the free crystal and over 120° for the peptide-bound form at beamline 4.2.2 at the Advanced Light Source. The free Scribble PDZ1 domain crystallized in space group C222~1~ with one molecule per asymmetric unit. The SGEF-PDZ~peptide-bound~ complex crystallized in space group P4~3~2~1~2 with one molecule in the asymmetric unit. Proper space group handedness was verified by analysis of the electron density.

Structure determination and structure refinement {#s45}
------------------------------------------------

The XDS program ([@bib46],[@bib47]) was used for indexing, integration, and scaling of the diffraction data. The program PHASER ([@bib63]) was used for the initial phasing of both the free Scribble PDZ1 structure and the Scribble PDZ1/SGEF-PDZ~peptide~ complex structure using the previously determined Scribble PDZ1 structure (PDB ID: [2W4F](2W4F)) as the template. Automated model building was performed using ARP/wARP ([@bib54]). The early stages of refinement used Refmac ([@bib68]), while the later stages used the PHENIX software suite ([@bib1]). Final polishing and refinement were carried in PDB_REDO ([@bib45]). Electron density visualization and manual model building were done in Coot ([@bib23]). R~free~ values were calculated using 10% of the reflections selected randomly and not used in the refinement ([@bib13]). The structures were refined to 1.6 Å in the free form and to 1.1 Å in the complex form. The refinement statistics are shown in Table S3. Structural alignment and figures were prepared with PyMOL (Schrodinger, Version 1.8).

Online supplemental material {#s46}
----------------------------

Fig. S1 shows mapping the binding domains of SGEF, Scribble, and Dlg1 interaction. Fig. S2 shows that SGEF and RhoG localize to junctions in MDCK cells. Fig. S3 shows that SGEF regulates the establishment of junction in MDCK cells. Fig. S4 shows that SGEF signals through the ROCK/myosin pathway to induce contractility in MDCK cells. Fig. S5 shows that he catalytic activity of SGEF is required for lumen formation in MDCK cysts grown in matrigel. Table S1 shows constructs used in this study. Table S2 shows *Xenopus* microinjection parameters. Table S3 shows crystallographic data and refinement statistics. Video 1 shows CTRL *Xenopus* embryos imaged using a confocal microscope. Video 2 shows SGEF OE *Xenopus* embryos imaged using a confocal microscope.

Supplementary Material
======================

###### Reviewer comments

###### Supplemental Materials (PDF)

###### Video 1

###### Video 2

We would like to thank I. Macara (Vanderbilt University, Nashville, TN), A. Fanning (University of North Carolina at Chapel Hill, Chapel Hill, NC), C.M. Van Itallie (National Institutes of Health, Bethesda, MD), K. Mostov (University of California, San Francisco, San Francisco, CA), and S.W. Crawley (University of Toledo, Toledo, OH) for reagents and advice. We thank W.M. Bement (University of Wisconsin-Madison, Madison, WI) for pCS2+/Lifeact-mRFP and E.M. Munro (The University of Chicago, Chicago, IL) for the myosin intrabody, SF9. We would like to acknowledge use of resources at the Carver College of Medicine's Protein and Crystallography Facility at the University of Iowa. We would like to acknowledge Dr. Lokesh Gakhar (University of Iowa, Iowa City, IA) and Jay Nix (beamline 4.2.2, Advanced Light Source, Berkeley, CA) for help collecting diffraction datasets. In addition, this research used resources of the Advanced Light Source, which is a US Department of Energy Office of Science User Facility under contract no. DE-AC02-05CH11231.

This work was supported by National Institutes of Health grants 1R15CA199101, 1R21CA194776, and 1R03CA197227 to R. Garcia-Mata and R01 GM112794 to A.L. Miller; a National Science Foundation Graduate Research Fellowship and Rackham Merit Fellowship to T.R. Arnold; American Heart Association grant 15GRNT25740021 to E.J. Fuentes; and Associazione Italiana per la Ricerca sul Cancro grant 18578 to L. Banks.

The authors declare no competing financial interests.

Author contributions: Conceptualization: S. Awadia, E.J. Fuentes, A.L. Miller, and R. Garcia-Mata; investigation: S. Awadia, F. Huq, T.R. Arnold, S. Goicoechea, Y.J. Sun, T. Hou, G. Kreider-Letterman, and R. Garcia-Mata; visualization: S. Awadia, F. Huq, T.R. Arnold, S. Goicoechea, Y.J. Sun, T. Hou, G. Kreider-Letterman, E.J. Fuentes, A.L. Miller, and R. Garcia-Mata; formal analysis: S. Awadia, F. Huq, T.R. Arnold, S. Goicoechea, Y.J. Sun, and T. Hou; resources: P. Massimi and L. Banks; writing: S. Awadia, S. Goicoechea, E.J. Fuentes, A.L. Miller, and R. Garcia-Mata; funding acquisition: E.J. Fuentes, A.L. Miller, and R. Garcia-Mata; and supervision: R. Garcia-Mata. All authors read and approved the final manuscript.
